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Abstract 
 
In the bio-based polymer products, the degree of crystallinity has profound effects on the 
structural, thermal, barrier and mechanical properties. PLA products, under practical processing 
conditions as it is well known are in an amorphous form and show low crystallinity because of 
the intrinsic slow crystallization rate, which limits wider applications in sectors, such as 
automotive and packaging fields. In processes, such as injection molding, because of the high 
cooling speed, it is much more difficult to develop significant crystallinity, and thus, processing 
modifications leading to increased injection cycles are necessary. Alternatively, nucleating 
agents can be added to PLA for the promotion of crystallinity via traditional processing, such as 
injection molding, thus better controlling both thermal history and cycle time.  
In this study, investigated about the synergic effect between different plasticizers and nucleating 
agents in order to tailoring mechanical, physical and thermal properties in PLA compounds. 
This thesis work represents an insight on the complexity of mechanical behavior of PLA based 
materials. In order to obtain a modulation of mechanical properties it is necessary to keep into 
account the effect of processing parameters on the amount and kind of different phases. The 
change in compositions, in terms of nucleating agents and plasticizer much influence the 
development of these different phases thus contributing to properties modulation. 
The technological exploitation of this study can occur by correctly selecting additives for PLA 
based materials and also modifying mould temperature and holding time in injection moulding to 
benefit of the improved crystallization rate in the composition range where a synergy between 
plasticization and nucleation was found.  
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Chapter 1:  
Concepts, Performances and Fabrication processes of Bio-based materials 
 
 
1. Background: 
          Plastic materials cover a wide range of polymerization products suitable for the manufacture 
of diversified products. Worldwide annual plastics production is estimated to surpass 300 million 
tons by 2015 [1], representing trillions of Euros in terms of global economic returns [2].  
Plastics are highly valued on account of the fact that they are low cost and extraordinary versatility. 
Plastics represent the largest petroleum application second only to energy [3 It today already 
accounts only for about 4% total of petrol consumption. Among the many applications of plastics, 
packaging accounts for almost one third of their use followed by construction and consumer 
products [4]. The materials science community has been a concerted effort for decades to generate 
bio-based plastics. Their activity aimed at finding a product to substitute or complement the 
conventional synthetic plastics based on exclusively petroleum feedstock. According to current 
estimates, the global production of bioplastics is expected to grow at an annual rate of up to 30% in 
the coming decade to reach 3.5 million tons in 2020 [5]. Bioplastics may also be bio-based (i.e. 
polymer derived from renewable feedstock) and biodegradable (i.e. polymer that can decompose in 
simple compounds, such as water and carbon dioxide) [6].  
Biodegradability and compostability depend on the chemical structure rather than the feedstock 
source. According to bio-based products are defined by the US Department of Agriculture (USDA), 
as commercial or industrial goods (other than feed or food) composed in whole or in significant part 
of biological products [7]. Therefore, the terms of bio-based plastic and biodegradable plastic 
cannot be considered synonyms. poly(lactic acid) (PLA), polyhydroxyalkanoates (PHAs), starch 
plastics, cellulose esters and protein based plastics are Some of the most well-known  bio-based 
plastics in today's marketplace, in terms of production and renewability (Fig. 1). Other bio-based 
plastics, such as bio enriched poly(urethane) manufactured using modified vegetable oils, 
poly(ethylene) derived from the dehydration of bio-ethanol, poly(propylene) derived from 
dehydration of bio-butanol and poly(ethylene terephthalate) produced via fermentation, catalytic 
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pyrolysis or gasification of biomass [8], that have at least partial sourcing from plants, constitute 
emerging technologies expected to make a significant market impact. Bio-based plastics could 
overcome the sustainability issues and environmental challenges posed by the production and 
disposal of synthetic plastics. However, the large scale commercial deployment of bio-based 
plastics to replace conventional plastic materials remains challenged by several factors. Some of the 
challenges are attributed to the relatively poor performance, variability of properties of the 
feedstock associated with location and the time of harvest, high production cost and lack of 
infrastructure. Plasticizers have long been known for their effectiveness in enhancing the flexibility 
of synthetic plastics such as poly(vinyl chloride) (PVC) and epoxy resins. New types of plasticizers 
compatible with bio-based plastics have been developed. For technical and economic reasons, 
polymer additives are a large and increasingly significant component of the polymer industry [9]. 
Among the additives, plasticizers constitute about one third of the global additive market [10], with 
a worldwide consumption of over 4.6 million metric tons in 2003 [11], and over 6.4 metric tons in 
2011 [12].  
Generally, plasticizers are small, relatively non-volatile, organic molecules that are added to 
polymers to reduce brittleness, impart flexibility, and improve toughness, reducing crystallinity, 
lowering glass transition and melting temperatures [13, 14]. Plasticization reduces the relative 
number of polymer–polymer contacts thereby decreasing the rigidity of the three-dimensional 
structure thereby allowing deformation without rupture [15]. Consequently, plasticizers improve 
processability, flexibility, durability and in some cases reduce the cost of polymers [16, 17]. The 
processing behavior, such as film formation and coating dispersion, and properties of polymers in 
various applications are greatly improved by adequate choice of plasticizer type and quantity [16, 
20]. Generally, the choice of these plasticizers to be used as modifiers of plastics is limited by the 
required safety, environmental favorability, chemical and physical property that dictate their 
miscibility, processing temperature and required flexibility towards the target application [17]. The 
risk of leaching out of certain plasticizers constitutes a major safety risk [21–24]. This coupled with 
other shortcomings (e.g. toxicity, poor compatibility) limits some plasticizers from application in 
the medical, pharmaceutical and food packaging fields.  
The ideal plasticizer significantly lowers the glass transition temperature (Tg), is biodegradable, 
nonvolatile, and nontoxic, and exhibits minimal leaching or migration during use or aging. Recent 
advances in bio-based plastics are spurred by factors such as public concern over the depletion of 
petroleum based raw materials, the desire of manufacturing companies to develop more sustainable 
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raw material sources, the improvement in properties as well as cost competitive relationship of 
bioplastics [25, 26]. As these bio-based plastic industries continuously grow, the demand for new 
types of plasticizers with new characteristics, performance and other additives that are compatible 
with the bioplastics also grows in the same direction [27]. In the realm of developing packaging 
materials from biobased materials, a high ductility at room temperature is required and thus, there is 
no tolerance for the polymer film tearing or cracking when subjected to stresses during package 
manufacturing or use [28]. 
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2. Basic Concepts and Classifications of Bio-based materials 
2.1 Renewability and Sustainability 
 
Renewability is linked to the concept of sustainable development. The UN World Commission on 
‘‘Environment and Development in Our Future’’ defines sustainability as the development that 
meets the needs of the present time without compromising the ability of future generations to meet 
their own needs. Narayan points out that the manufactured products must be designed and 
engineered from ‘‘conception to reincarnation’’, the so called ‘‘cradle to grave’’ approach. [29] The 
use of renewable biomass must be understood in a complete carbon cycle. Bioplastics are polymers 
derived from renewable biomass sources, such as cellulose, corn, starch, natural sugar, or those 
resources that can be re-produced from nature. As noted by the European Bioplastic Organization, 
bioplastics can be bio-based, biodegradable or both [30]. 
 
 
2.2 Biodegradability and Compostability 
2.2.1 Bio-based materials 
 
The bio-based material is defined by the American Society for Testing and Materials (ASTM) to 
refer to “an organic material in which carbon is derived from a renewable resource. A commodity 
or resource that is inexhaustible or replaceable by new growth via biological process (ASTM 
D6866) [31]”. The product must be produced 100% from natural resources, but it is not necessarily 
biodegradable or compostable. This definition is based on the origin of the material, not on the end 
of life. Thus polyethylene produced by plant sources (ethanol) is a bio-based plastic. Some 
important advantages of Bio-based materials for the environment are: 
 
 The dependency from petrol source can be overcome; 
 They allow avoiding further extraction operations of petrol from the earth.  
 In the production of bio-based plastics there is a very limited emission of greenhouse gases. 
Moreover, bio-based plastic production needs less energy and few harmful chemicals [32-
37].  
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 if they are produced from waste agricultural or food industry they can allow to decrease 
global CO2 emission; ; 
 
2.2.2 Biodegradable plastics 
In the literature, Biodegradation tends to be used to refer a chemical process during which micro-
organisms that are available in the environment convert materials into natural substances such as 
water, carbon dioxide, and compost (artificial additives are not needed).  
The biodegradable plastic is described as was defined by ASTM as “a degradable plastic in which 
the degradation results from the action of naturally occurring microorganisms such as bacteria, 
fungi, and algae. “Biodegradable plastics must biodegrade in specific environments such as soil, 
compost or marine environments (ASTM D6866)” [31].  Biodegradable plastics can be derived 
from oil or natural resources; it is not important where the materials come from, they need only to 
meet the requirements defined above. 
The process of biodegradation depends on the surrounding environmental conditions (e.g. location 
or temperature), on the material and on the application. 
When we are defining a material as biodegradable we should also specify the exact environment. 
For instance some polymers can biodegrade in compost, but not in soil. 
 
2.2.3 Compostable plastics 
A compostable plastic is “A plastic that degrades by biological processes during composting to 
yield CO2, water, inorganic compounds and biomass at a rate consistent with other known 
compostable materials and leaves no visible, distinguishable or toxic residues. Toxic residues 
important for compost quality include heavy metal content and serotoxins (ASTM D6400) [38]”.  
Composting can be considered to be an organic recycling process. Industrial composting is 
performed in large-scale composting plants, under controlled composting conditions at high 
temperature, while home composting, is performed in a reduced scale at ambient temperature. 
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2.2.4 Biocomposites 
Over the last three decades , the composite technology has booming market,  especially on glass, 
carbon, aramid fibers, laminate, and thermoset. But, the experinace for the composites based on 
long glass fibers or laminates and thermoset is different.  Because their application is still limited to 
in smaller and cheaper applications such as pots, trays, boxes, fishing cases, tubes, other car parts, 
chairs, etc. because their processing is too expensive. Therefore, a choice was made here to base 
composite materials on a thermoplastic matrix and short fibers and fillers. In addition, processing 
methods, such as single/twin screw extrusion and injection, have been improved in order to meet 
economic concerns. . Considering the environmental issues of plastics, development of composite 
materials lead to formulation of biocomposites. Biocomposites are partly or fully biobased. In other 
words, that they can have a matrix, fiber or both, which are produced from renewable resources. 
Materials can be completely or partially biodegradable such as polypropylene/wood fibers, 
polylactic acid/glass fibers, polyamide/cellulose fibers, and polycarbonate/lignin. 
 
2.3 Bioplastics Classifications and Applications [39-42] 
Commercially available bioplastics and their main applications are listed in table 1.  These materials 
are mainly used in packaging industry. It is because of their short life-span and eviremtal related 
concerns. Moreover their use is still under study in durable applications. 
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Table1. Several types of bioplastics and their applications. 
 
 
 
 
 
 
 
 
 
Biodegradable/ compostable Name Application 
Synthetic polyesters 
(BASF, Mitsubishi, etc.) 
polybutyleneadipate/ 
terephthalate (PBAT), 
polybutylenesuccinate (PBS), 
polybutylene succinate-co- adipate 
(PBSA), 
Films, toughening agents for 
brittle biopolymers, bottles, 
etc. 
Biodegradable/ compostable 
and Bio-based 
Name Application 
NatureWorks, Purac/ Synbra, 
Futerro, Sidaplax, etc. 
poly(lactic acid) (PLLA, PDLA) 
Rigid containers, film, barrier 
coating, cosmetic covers, etc. 
Novamont, Sphere-Biotec, 
Plastic, etc. 
Starch based materials 
Loose fill, bags, films, trays, 
wrap films, etc. 
Innovia, Acetati, etc. 
Cellulose based materials, 
Cellulose diacetate (CDA), etc. 
Glass components, helmets, 
car components, food trays, 
etc. 
BASF, FKUR, etc. PLA compounds/blends 
Films, tomato clips, tree-pots, 
etc. 
Metabolix,, KaneKa, Biomer, 
etc. 
polyhydroxyalkanoate (PHA), 
polyhydroxybutyrate (PHB), 
polyhydroxyhexanoate (PHH) 
Films, barrier coatings, 
medicines, trays, etc. 
Bio-based Name Application 
Dupont 
Bio-PDO based polymers, 1,3 
propanediol (PDO), DuPont 
Sorona, DuPont Cerenol 
Textile Fibers, Automotive 
Refinishing, etc. 
Braskem, DOW PE, PP from Bioethanol 
Cups, food trays, films, 
medicines, food packaging, 
beverage bottles, etc. 
Solvin PVC from Bioethanol Pipes, etc. 
Arkema, BASF, etc. polyamides PA 6.6.9/6.10 
Car components, bumpers, 
electric components, etc. 
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3. Poly(lactic acid), crystallization and tailoring properties 
3.1 Poly(lactic acid); 
Poly(lactic acid) (PLA) (Figure 1) is one of the most promising innovative plastics for various end-
use applications. This polymer is thermoplastic, renewable, biodegradable and biocompatible, a set 
of highly attractive attributes for pharmaceutical, biological and medical applications [43,44]. 
 
            
Figure 1. Basic structure of PLA and Synthesis. 
 
The raw material of PLA, L-lactic acid, can be produced by fermentation of renewable sugar 
resources such as starch and other poly(saccharides) [45, 46]. Moreover, PLA exhibits a remarkable 
balance of performance properties comparable to traditional thermoplastics [45] processed using 
conventional plastic processing techniques. From a physical property standpoint it is often loosely 
compared to poly(styrene) [43]. Similar to poly(styrene), standard grade PLA has high modulus and 
strength [43-47]. Moreover, the degradation products of poly(lactides) are nontoxic which enhances 
practical applications in food packaging and biomedicine [48]. PLA is currently being 
commercialized for a wide spectrum of technologically important fields and applications by 
companies such as Cargill and Dow Chemicals [44]. PLA belongs to the family of aliphatic 
poly(esters) commonly made from lactic acid (2-hydroxypropionic acid) building block shown in 
figure 2. 
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Figure 2. Synthesis methods for high molecular weight PLA. 
 
The synthesis of lactic acid into high-molecular weight PLA can follow two different routes of 
polymerization [46-49], as depicted in figure. 2. 
 
 
Figure 3. Chemical structures of dimeric (a) D-lactide, (b) L-lactide and (c) meso-lactide. 
 
The monomer lactic acid is condensation polymerized to yield a low-molecular weight, brittle, 
glassy polymer in the first route, which, for the most part, is unusable unless external coupling 
agents are used to increase the molecular weight of the polymer [46]. The second route of 
producing PLA is to collect, purify, and ring-open and polymerize lactide to yield high molecular 
weight (average Mw >100 000) PLA [46, 49, 50]. The combination of the chiral lactic acid 
monomers (figure. 1) or the depolymerization of low molecular weight PLA (figure. 2) could give 
rise to distinct forms of poly(lactides). These polylactides are poly(L-lactide) (or LL-lactide), 
poly(D-lactide) (or DDlactide), poly(LD-lactide) (or meso-lactide) as shown in figure. 3 or a 
mixture of L-and D-lactides, called racemic lactide (rac-lactide) [44,52,53]. The D- and L- lactides 
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are optically active but meso is not (figure. 3) [52]. Highly crystalline PLA can be obtained with 
low D content (<2%), fully amorphous PLA on the other hand can be obtained with high D content 
(>20%) [54]. Semi-crystalline PLA is obtained with 2 to 20% of D content. These variations of 
composition of polymer backbone impact the melt behavior, thermal, mechanical, optical 
properties, barrier properties and biological properties of PLA [55, 56]. PLA is brittle, with 
relatively poor impact strength and low thermal degradation temperature limiting its applicability 
[45, 46]. Relatively poor strength, coupled with its hydrophobicity, semicrystalline properties, 
limited thermal processability, lack of reactive functional groups along the polymer backbone and 
high cost constitute the majority of its limitation in wide industrial and medical applications [45-
51]. Accordingly to compete with the low-cost and flexible commodity polymers and upgrade the 
PLA performance, considerable research effort is being carried out. These attempts include 
modifying PLA with plasticizers, nucleating agent, blending with other polymers [57], 
copolymerization and incorporation of fillers [43, 51, 58]. 
 
3.2 PLA heterogeneous nucleation and plasticization 
3.2.1 Nucleation 
As discussed above, the overall nucleation and crystallization rates of PLA in homogeneous 
conditions are relatively low. This has prompted tremendous efforts in the scientific community 
toward the improvement of PLA crystallization kinetics by adding nucleants to increase its 
nucleation density and by adding plasticizers to increase chain mobility. Nucleating agents will 
reduce the nucleation induction period and increase the number of primary nucleation sites. In a 
general classification, nucleation can be either physical or chemical. The physical agents can be 
categorized as mineral, organic and mineral-organic hybrids. The different classes of nucleating 
agents are explained hereafter. It is noteworthy that the additional processing step required to blend 
additives into PLA may lead to molecular weight reduction by hydrolytic or thermal degradation. 
Therefore care must be taken in distinguishing between nucleation, plasticization and molecular 
weight reduction effects. 
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3.2.1.1 Chemical nucleating agents 
Chemical nucleating agents are those for which nucleation proceeds through a chemical reaction 
mechanism. For example, Legras and co-workers [59–61] studied the nucleating effect of organic 
salts of sodium on the crystallization of poly(esters) such as PET and PC. They showed that when 
sodium 2-chlorobenzoate is added to PET, it dissolves in the polymer melt and reacts with ester 
linkages through a chain scission mechanism to produce sodium-terminated ionomers. Acceleration 
in crystallization kinetics was associated to the decrease in molecular weight and to the association 
of ionic endgroups into clusters, the latter being more important. Garcia [62] and Zhang [63] did 
similar studies on the chemical nucleation of organic sodium salts on PET and PTT respectively. In 
the case of PLA, sodium salts such as sodium stearate have been explored for nucleating PLA 
crystallization but failed to provide significant improvement of the crystallization rate while 
severely decreasing the PLA viscosity due to extensive chain scission. Another sodium salt 
investigated for this purpose was sodium benzoate [64]. At a concentration of 0.2%, it reduced the 
Mw of PLA from 163.3 to 127.5 kg/mol, yet no enhancement in crystallization kinetics was 
observed. 
 
3.2.1.2 Mineral nucleating agents 
Talc is an effective physical nucleating agent for PLA and is commonly used as a reference to 
compare the nucleation ability of other additives [65–70]. For example, Kolstad [47] found that 6% 
talc increased the nucleation density by 500 times. This led to a 7 folds reduction in crystallization 
half-time, t1/2, at the optimum crystallization temperature. In another study, a 35-fold reduction in 
t1/2 with 1% talc was reported [69]. In addition, the optimum crystallization temperature was 
shifted from 100 to 120 ◦C in presence of talc [68]. In non-isothermal condition, the crystallization 
peak upon cooling (Tcc.) is also shifted to higher temperatures. For example, it was reported that for 
the investigated cooling rates up to 80 ◦C/min, Tcc was increased by 2–3 ◦C with increasing talc 
concentration from 1 to 2%. Further addition provided only an additional Tcc increase of 0.5 ◦C/% 
talc indicating that relatively low talc amounts are sufficient for nucleation [69]. In another report 
using a low cooling rate of 1 ◦C/min, it was shown that the peak crystallization temperature was 
shifted from 107 to 123 ◦C when 3% talc was incorporated via solution blending [69]. Clay has 
been employed to improve thermal, mechanical and barrier properties of polymers. It is therefore 
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interesting to examine its effect on the crystallization of PLA. In a qualitative study, narrowing of 
cold crystallization peaks were observed for PLA in presence of clay [71]. 
 
3.2.1.3 Organic nucleants 
Organic materials can also physically nucleate the crystallization of PLA. This is typically achieved 
by adding a low molecular weight substance that will crystallize more rapidly and at a higher 
temperature than the polymer, providing organic nucleation sites. It was reported that calcium 
lactate could increase the crystallization rate of an L-lactide/meso-lactide copolymer containing 
10% mesolactide [77]. This was not corroborated however by later work from Li and Huneault 
where calcium lactate was compared with talc and sodium stearate [69]. Stronger nucleation effects 
were reported by Nam et al. using N,Nethylenebis(12-hydroxystearamide), (EBHSA) on a PLLA 
with 0.8% D content [78]. Upon heating at 5 ◦C/min, the cold crystallization temperature (Tcc) was 
reduced from 100.7 to 79.7 ◦C, showing that EBHSA can play a nucleating role. Cold 
crystallization is an experiment where the sample is heated from the solid amorphous state rather 
than cooled from the melt state. Optical micrographs at the interface of PLA and EBHSA showed a 
well-developed layer of trans-crystallites grown from EBHSA surface, an evidence for epitaxial 
crystallization of PLA. Since EBHSA crystallizes rapidly, it acted as nucleating agent given the 
condition that the isothermal crystallization was carried out below the melting point of EBHSA 
(144.5 ◦C). At high crystallization temperatures (130 °C), the nucleation density in presence of 
EBHSA was increased 40 times and the overall crystallization rate was increased 4 times. One 
advantage of organic nucleating agents is that they can be very finely dispersed in molten PLA. 
Nakajima et al. took advantage of this point to prepare haze-free crystalline PLA [79]. Different 
derivatives of 1,3,5-benzene tricarboxyamide (BTA) were solution blended with PLA and screened 
based on the solubility parameter and melting point characteristics in a cold crystallization 
experiment. 
 
3.2.1.4 Bio-based nucleants 
Among organic nucleating agents, biobased nucleants are a particular subset of interest for PLA. 
Harris and Lee reported a reduction in the crystallization half-time of a 1.4% d PLA from 38 to 1.8 
min when adding 2% of a vegetable-based ethylene bis-stearamide (EBS). Talc in the same 
conditions led to a lower half-time of 0.6 min. Upon cooling at 10 ◦C/min, addition of EBS enabled 
some crystallization with a broad and weak exotherm centered around 97 ◦C but again talc was 
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more effective revealing a sharp peak at 107 ◦C [2]. Starch is a biopolymer that has raised a lot of 
interest in recent years and its blends with other polymers are under extensive investigation. The 
effect of starch on PLA crystallization was found to be relatively modest with a crystallization half-
time reduction from 14 min to 1.8–3.2 for samples containing 1–40% starch. Again, 1% talc was 
found to be more efficient and decreased t1/2 to about 0.4 min. It also shifted the optimum 
crystallization temperature up by around 15 ◦C compared to only 5 ◦C for starch [68]. Stronger 
effects were found by Li and Huneault when using starch in a thermoplastic state [80]. In this form, 
starch is an amorphous and highly plasticized polymer. It was found that the dispersed phase size 
reduction, obtained through interfacial modification, had a significant influence on PLA 
crystallinity. In fact, the unmodified blend comprising 20% of very coarsely dispersed thermoplastic 
starch did not reveal any crystallization peaks at a cooling rate of 10 ◦C/min. Orotic acid is another 
bio-based chemical that was recently investigated [81]. As little as 0.3% orotic acid had a 
significant effect on crystallinity development in non-isothermal and isothermal mode. At a cooling 
rate of 10 ◦C/min, a sharp crystallization peak at 124 ◦C with a high crystallization enthalpy 34 J/g 
was found. Besides, the t1/2 in the 120–140 ◦C temperature range exhibited 10–20 fold decreases 
down to as low as 0.64 min. Authors believed that the good match between b-spacing of PLA and a-
spacing of orotic acid crystals may explain this strong nucleating effect. 
 
3.2.1.5 Carbon nanotubes (CNT) 
Recently, carbon nanotubes have attracted attention because of their high aspect ratio and 
outstanding mechanical, thermal and electrical properties. Unmodified and modified CNT were 
investigated in a number of studies as nucleating agents for PLA [82–88]. Xu et al. [85] reported 
modest nucleating effects for multi-wall carbon nanotubes (MWCNT) solvent-mixed at very low 
loading (up to 0.08 wt.%) in PLLA. Upon cooling, the crystallization peak temperature, Tcc, was 
shifted to higher temperatures but did not enable significant crystallinity development at cooling 
rates of 10 ◦C/min and higher. PLA-grafted carbon nanotubes (PLA-g-CNT) were also investigated 
in a PLA with 2% d [83]. At the moderate cooling rate of 5 ◦C/min, crystallinity of 12–14% were 
attained with 5–10% PLA-g-CNT [83]. Moreover, in isothermal experiments on similar material, 
the minimum t1/2 was decreased from 4.2 min to 1.9 min with 5% PLA-g-CNT [97]. Li et al. [86] 
investigated the nucleating effect of maleic anhydride functionalized multi-wall carbon nanotubes 
on a PLA containing 4.3% D unit. Since the PLA had a large optical impurity, slow cooling and 
annealing were required to develop full crystallinity. Samples comprising the CNT exhibited 
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sharper diffraction peaks in WAXD analysis but DSC analysis revealed that the CNT were not 
effective nucleating agents in moderate (i.e., 10 ◦C/min) or rapid cooling conditions. According to 
the above mentioned examples, it seems that carbon nanotubes cannot play a significant nucleating 
role for PLA melt processing. 
 
3.2.1.6 PLA stereocomplex 
Mixture of PDLA and PLLA can crystallize in the form of a stereocomplex that has a melting point 
about 50 ◦C higher than the PLLA or PDLA homocrystals. Because the stereocomplex will form at 
higher temperature upon cooling than the homocrystals, small concentrations of PLA stereocomplex 
may be suitable for nucleating PLA homo-crystallization. Brochu et al. [88] reported that in 
presence of the PLA stereocomplex, the spherulite density was higher and the homopolymer 
crystalline fraction was larger than that in the pure polymer, implying the nucleating effect of 
stereocomplex crystals. They concluded that PLLA crystals can form epitaxially on stereocomplex 
lamellae that were previously formed at higher temperatures. 
 
3.2.2 Plasticization 
Several theories have been proposed to explain the mechanism and action of plasticizers on 
polymers. Among those theories, the following plasticizing mechanisms have been widely accepted 
to describe the effect of plasticizers on polymeric networks [131-133]: 
 
  The lubricity theory: this theory is similar to metal parts lubrication by oil. The plasticizer 
acts as a lubricant to reduce friction and facilitates polymer chain mobility. 
  The gel theory: this theory extends the lubricity theory and suggests that a plasticizer 
disrupts and replaces polymer–polymer interactions (hydrogen bonds, van der Waals or 
ionic forces, etc.) that hold polymer chains together resulting in reduction of the polymer gel 
structure and increased flexibility. 
  The free volume theory: for any polymeric material the free volume is defined as the 
internal space available in a polymer for the movement of chains. Free volume is usually 
described as the difference between the observed volume at absolute zero and the volume 
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measured at a selected temperature. Rigid resins are characterized by limited free volume 
whereas flexible resins have relatively large amounts of free volume. Plasticizers increase 
the free volume of resins and also maintain the free volume after the polymer–plasticizer 
mixture post processing is cooled down. The free volume theory explains the effect of 
plasticizers in lowering the glass transition temperature. 
 
Since PLA is a brittle material, plasticization has been employed extensively for toughening and 
extending its applications [98]. Plasticization may have contrasting effects on the crystallization 
behavior. On one hand, the Tg depression, a measure of plasticization efficiency, will shift the 
crystallization temperature window to lower temperatures. On the other hand, plasticization may 
also cause melting point and equilibrium melting point depression, adversely influencing the growth 
rate and overall crystallization rate at a given crystallization temperature due to the reduced degree 
of undercooling (T0m−Tcc) driving the crystallization and primary nucleation processes. Therefore, 
the enhancement in chain mobility may be partially compensated for by reduced primary and 
secondary nucleation. In table 2., average Tg and Tm depression as a function of plasticizer 
concentration is compared for some of the plasticizers explored for PLA.  
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Table 2 Average Tg and Tm depression of PLA as a function of plasticizer type and concentration. 
 
 
3.2.3 Combination of nucleation and plasticization 
The heterogeneous nucleation provided by nucleants has its greatest impact on the overall 
crystallization rate at elevated temperature when the driving force for homogeneous nucleation is 
weak. Plasticization, on the other hand, will have its highest impact at a lower temperature when 
crystallization is hindered by a lack of chain mobility. Therefore combination of nucleation and 
plasticization is expected to widen the crystallization temperature window and increase the 
crystallization rate of PLA. Among the first promising reports on this topic were those of Pluta 
[127] followed by Ozkoc et al. [128, 129] focusing on blends of a 4% d PLA with combinations of 
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up to 20% PEG and 5% clay that was either pristine or organically modified. The cold 
crystallization peak, Tcc, for samples having both modifiers appeared at approximately 80 ◦C which 
was 20 ◦C less than the neat PLA. Upon cooling, neat PLA and its composites with 3 or 5% clay did 
not reveal any crystallization peaks even at a low cooling rate of 2 ◦C/min. At the same rate, 
plasticized formulations showed some crystallization peaks, with crystallization enthalpy up to 22 
J/g but this value rapidly decreased to 13 J/g when the cooling rate was increased to 15 ◦C/min. The 
peak crystallization temperature Tcc was 8–9 ◦C lower for plasticized composites compared to 
plasticized PLA [129]. This is in contrast with Pluta’s work showing a drop in ∆Hc and a slight 
increase in Tcc when clay was introduced [127]. Later, Li and Huneault [69] examined combinations 
of talc with ATEC or PEG as plasticizers for a 2% d PLA. Much faster crystallization kinetics was 
achieved at 1% talc and 10% plasticizer levels than with the clay/PEG combination. Upon cooling 
at 10 and 20 ◦C/min, the materials exhibited a sharp crystallization peak around 105 ◦C and 
crystallized to their maximum level (over 40 J/g) within the cooling cycle. In comparison, sample 
with only 1% talc had a crystallization peak at 94 ◦C and reached only half of the full crystallinity. 
A similar study later confirmed these findings with 1% talc and up to 20% PEG [130]. Other 
plasticizer/nucleant combinations lead to more moderate improvements. Instead of PEG, Xiao et al. 
combined talc with triphenyl phosphate plasticizer (TPP) to enhance the crystallization of a 2% d 
PLA [50]. PLA containing talc and talc + TPP showed the fastest crystallization kinetics with the 
development of a crystallization enthalpy around 30 J/g at a cooling rate of 10 ◦C/min. In isothermal 
conditions, the crystallization half-time, t1/2, was reduced from 3.6 min for the neat PLA to 0.7 and 
0.9 min for the nucleated and nucleated/plasticized samples, respectively. 
Another investigated combination was carbon nanotube (CNT) and PEG. As pointed out earlier, 
carbon nanotubes do not seem to provide a strong nucleating effect for PLA.  
 
3.2.4 Moulding condition 
For a crystallization improvement, there are known a method of reheating (annealing) after molding 
to improve a degree of crystallization and a method of molding while a crystallization nucleating 
agent is added.. The method of annealing after molding does not only present the problems of a 
complicated molding process and a long time period of  moulding , but also is requires to provide a 
die for annealing or the like in order to avoid deformation involved with crystallization, and so there 
are problems in terms of cost and productivity.  
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4. Fabrication methods of packaging in Bio-based polymer 
 
A number of bio-based plastics have been commercialized, or their coming entrance in tot the 
market has been announce, for instance; polylactic acid (PLA), polybutylene succinate (PBS), 
polyhydroxy alkanoates (PHA), polyethylene furanoate (PEF), and bio-based commodity plastics 
such as polyethylene (PE), polyethylenterephtalate (PET) or soon polypropylene (PP). These 
polymers can be applied for the production of rigid packaging. Mentioned examples are the most 
employed polymers, it is because of their wide scale production and relatively low price. 
4.1 Injection Moulding 
Different processing techniques are used to produce plastic rigid containers.  Injection moulding is 
one of them. This is the processing method used for polymeric thermoplastic materials. In this 
method the polymer melts in the heating barrel. The molten plastic is then injected into the mould to 
produce pieces with a defined shape. The automation of the process allows for series productions. It 
can be employed for producing caps, thick jars for cosmetics, cutlery and coffee capsules. The 
process is composed of three mainstages:  
Injection: the molten polymer in which the partial filling of the mould with the molten polymer is 
achieved, the holding pressure and plasticization, in which the mould is completely filled by the 
molten polymer and kept in the mould at a defined pressure and temperature, and the ejection, in 
which the solid piece is extracted from the mould Figure 4. 
 
 
Figure 4. Three main steps of injection moulding process 
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The selection and control of the temperature is fundamental in the first step of the process, since, 
when processing polymers with this technique a very low viscosity at high shear rate is required in 
order to grant a rapid and perfect filling of the mould. The knowledge and control of the rheological 
behavior of the molten polymer is thus much important to allow a good processing. In some cases 
the dimensions of the filling channel in the mould should be well dimensioned as a function of the 
melt rheology of the thermoplastic material employed. In the second step the temperature of the 
mould, the holding pressure and the holding time are the parameters important to be controlled. 
Some polymers can crystallize during the holding step, hence the temperature of the mould and the 
holding time are quite important to allow the material to reach the desired crystalline morphology, 
as the amount and distribution of crystals in the material influence its final properties. A specific 
selection of parameters is necessary also for the further step. In fact the ejection step should be done 
when the piece is enough solid and resistant, in order to avoid the breakage of the piece inside the 
open mould, which requires to interrupt the processing cycle, thus wasting time, material and 
energy, but at the same time in the minor time possible, for as well avoid waste of time and energy. 
 
4.2 Injection Stretch Blow Moulding Process 
The injection stretch blow moulding process, which is the most advanced method for producing 
bottles, consists of the preliminary injection moulding of a pre-form, having the shape of a test tube 
with a threaded neck. Then this piece is transferred in a mould where it is blown with an air jet in 
order to obtain a container having the shape of the mould (figure. 6) The container wall is thus bi-
oriented, that is stretched both in the direction of air flow and in the radial direction. By using this 
method bottles of many different shapes and dimensions can be obtained. Transparent bottles 
available for water or fizzy beverages are made of PET, whereas the opaque ones, used for milk or 
liquid detergents are made of HDPE. PLA is also suitable for this process, and most recently bottles 
produced in PLA have been proposed on the market [135]. 
 
Figure 6. Plastic bottle based on PLA 
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4.3 Thermoforming 
Arrays, plastic cups, blisters and jars are produced by another important processing method, 
thermoforming. Whereas in the injection moulding or injection stretch blow moulding granules are 
fed in the equipment, in this case the polymeric material must be fed in sheets having thickness in 
the range 50-300 micron for packaging production. The process can be applied also to thicker 
sheets, but in this case the applications are in the automotive or electric and electronic field, for the 
production of body or shells. Hence a preliminary flat die extrusion step is necessary for producing 
the suitable sheets for thermoforming. In the packaging field PS or PP are usually employed, but 
positive results and interesting products were produced also with PLA, and PLA filled with natural 
fibers. In figure 7., they are reported example of rigid packaging trays and egg containers produced 
by thermoforming of sheets based on PLA and wood fibers, produced in the activity of the EC 
project FORBIOPLAST [136].  
 
 
Figure 7. Trays and egg containers based on PLA and wood fibers 
  
The method consists of heating the material above its glass transition temperature but below its 
melting point, thus obtaining a softened sheet usually by using infrared heaters. Then a mould is 
inserted (or vacuum is applied) that gives to the softened sheet the desired shape figure. 8. 
 
Figure 8. Thermoforming process  
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4.4 Multi layer packaging 
The methods listed up to now are suitable for packages consisting of one single material. However 
usually fresh food requires a packaging with enhanced barrier properties, and for this reason 
packages consisting of two or more layers are necessary. An interesting example is the packaging 
consisting of one layer of PET and one layer of poly(ethylene) (PE). The obtaining of these bi-layer 
sheets can be achieved by lamination of PE and PET or also by co-extrusion, usually employing 
compatibilizers consisting in ethylene copolymers, such as poly(ethylene-co-vinyl acetate) (EVA) 
in between the two layers to enhance adhesion and barrier properties. The multi-layer sheets can be 
thus thermoformed to obtain array or blisters, especially employed to pack fresh foods in 
supermarkets because of their structural, barrier and optical properties (high transparency).  
The production of rigid packaging for liquids can be also made by using board based materials. The 
usual rigid multilayer system consists of different layers (figure. 9) of different thickness, with a 
layer of PE in contact with food. In dependence of the perish-ability of the liquid a total barrier 
layer of aluminum can be necessary. This is the case of rigid containers for milk. However, also in 
the most complex multilayer sheet, the content of cellulose is at least 70% by weight, as the board is 
the main structural material of the packaging. 
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5. Open problems, thesis structure and key challenge 
From a crystallization point of view, PLA is best viewed as a copolymer of L- and D-lactic acid 
with PLLA and PDLA being the limiting case homopolymers. The minor unit plays the role of a 
non-crystallizable co-monomer with the consequence that crystallization rate decreases dramatically 
with the minor unit concentration leading to amorphous materials. Numerous investigations have 
focused on the heterogeneous nucleation and plasticization as means to enhance the crystallization 
kinetics of PLA. Therefore, a wider crystallization window, enables crystallization at higher cooling 
rates. So, it will enable the development of fully crystallized extruded or injection molded 
applications and open the way to the production of PLA parts with greater mechanical and thermal 
resistance. 
In this direction, the effects of both OLA8 as plasticizer and LAK301 or PDLA as nucleating agents 
on the mentioned properties of PLA were investigated by optimizing the number of experiment by 
applying multivariate statistical methods, with the aim of developing a tool for predicting the 
properties and the crystallization behaviour of PLA based materials in the second chapter. 
Multivariate statistical methods (design of experiments, partial least square, principal components 
analysis, etc.) have been recently introduced in materials science and technology to promote the 
rational explanation of the experimental results extracting the maximum amount of information 
from a complex data set. Among all these methods the Design of Experiments (DoE) covers an 
extremely interesting role allowing the obtainment of the maximum information performing a 
minimum set of experiments. In this perspective, DoE represents a very important tool 
complementary to the traditional approaches (based on one factor variation at a time) in order to 
improve the performances of the process correlated both to the material design and to its synthesis. 
The objectives in third chapter, is focused on the tailoring mechanical and thermal properties in 
presence of new plasticizer (206 3NL) and then addressed to the new modeling for predicting 
tensile modulus and yielding points thanks to the direct effect between crystallinity content and 
mechanical properties in chapter 4. In continue, the correlation between crystal polymorphism and 
yield kinetics investigated in the last chapter.  
Briefly, the key challenge in this dissertation focused on the combination of plasticizer and 
nucleating agents with PLA aims at the synergistic effects of enhanced crystallinity and reduced 
injection molding cycle time for PLA products and considering to the presents a new model for 
predicting tensile modulus. 
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Chapter 2:  
Composition dependence of the synergistic effect of nucleating agent and 
plasticizer in poly(lactic acid): “a mixture design study” 
 
 
1. Introduction: 
 
For applications where selective collection and chemical-mechanical recycling are not economical 
or feasible, the use of some specific bio-polymers would enable bio-recycling, particularly in the 
field of packaging. During the last decade, among biodegradable and biocompatible polymers, 
poly(lactic acid) (PLA) has been considered as a potential alternative for oil derived plastic 
materials on the basis of its good processability, and relatively low cost [1]. The commercial PLA 
consists mainly of L-lactic acid units but it contains a few percentage by weight of D-lactic acid 
units. The content of D-lactic acid units in commercial PLA is different in dependence of the final 
specific grade, developed to fulfil the final application requirements. Although some modulation of 
properties was achieved by controlling the D-monomer content in the polymer, its applications are 
anyway limited by the low glass transition (about 60°C), the brittleness, and the intrinsic low 
crystallization rate [2-6].  
In order to overcome limitations in some properties, additives such as polymers [7-8], fillers [9-10] 
or plasticizers can be used also in combination [11-12]. Plasticizers such as poly(ethylene glycol) 
[13], oligomeric lactic acid [14-15], citrate esters [16] are frequently used to tune PLA mechanical 
properties increasing its ductility. In terms of thermal properties the addition of a plasticizer usually 
results in a strong increase in spherulitic growth rate with respect to pure PLA. The effect of 
plasticization was also studied in PLA based blends by Quero et al. [17]. They studied the effect on 
PLA crystallization rate of the acetyl tri-n-butyl citrate (ATBC) plasticizer and of poly(butylene 
adipate-co-terephthalate) (PBAT). The addition of the plasticizer resulted in a decrease in glass 
transition temperature of PLA. However the addition of increasing amount of PBAT resulted in an 
increase in PLA glass transition temperature as a consequence of preferential migration of ATBC in 
the PBAT phase [16] and a general synergistic effect was evidenced on the overall crystallization 
rate of the PLA component when both PBAT and ATBC were added to PLA.  
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In the industrial production usually PLA is melt processed and then rapidly cooled [2] below its 
glass transition temperature. As the crystallization of PLA is slow, final products (such as injection 
moulded or blow moulded parts or containers) are mainly amorphous. Thus the increase of 
temperature above PLA glass transition during the further processing steps (e.g. in the packaging of 
hot products) or during the use of the material, can enable cold crystallization, resulting in 
undesired shrinkages leading to dimension instability and deformation of the items. In addition, an 
increase in brittleness and change in optical properties can be observed as a consequence of 
crystallinity increase. In particular for packaging of “hot-filled” food or beverage bottles or other 
containers, i.e. filled at the food-manufacturing or beverage-bottling plant while the food or 
beverage is still hot from pasteurization, amorphous PLA is not suitable. Thus the use of proper 
nucleating agents, allowing increasing the crystallization rate of PLA during the rapid cooling is 
particularly interesting on a technological point of view. Much attention is thus devoted to PLA 
nucleating agents, organic [18-20], such as sodium benzoate, or inorganic, such as calcium 
carbonate, talc, boron nitride [21-22] to better tune crystallization rate and final crystallinity 
content. Nano-fillers, such as cellulose nano-whiskers [23], carbon nano-tubes [24] or graphene 
oxide [25] were also reported to act as nucleating agents for PLA, although composition and 
geometrical characteristics of the nano-fillers were reported to have a strong effect on overall 
crystallization rate. In general, a planar structure in organic molecules or rigid surface in nano-
fillers and also groups interacting with polyester chains (also leading to chain scission [18]) are 
characteristics typical of all the effective nucleants agents, indicating that both the formation of 
specific directional linkages or confinement effects can affect the mobility and orientation at a 
molecular scale, thus influencing crystals formation.  
Interestingly the effect of a plasticizer and a nucleating agent can be combined. For instance You et 
al. [26] used dibenzylidene sorbitol as organic nucleant agent, PEG as plasticizer and a 
multifunctional reactive molecule. Dibenzylidene sorbitol nanofibrils formed in the PEG gel, could 
supply active nucleating sites for PLA when the gel is added in PLA. The reactive molecules can 
introduce extra interaction between PLA macromolecules and Dibenzylidene sorbitol nanofibrils, 
which makes the nucleation easier and faster. Yu et al. [27] studied the cold crystallization of 
materials based on PLA containing talc and plasticized with compressed carbon dioxide. They 
reported that a plasticizer can increase the crystallization rate through accelerating the spherulite 
growth rate thanks to the increased mobility of the polymeric chains, while a nucleating agent can 
enhance the crystallization rate by increasing the nuclei density. Li et al. [28] investigated the 
combined effect of both plasticizer (acetyl triethyl citrate) and nucleating agent on mechanical and 
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thermal properties of PLA. Different nucleations agents such as talc, sodium stearate and calcium 
lactate were considered. In the non-isothermal DSC experiments, the crystallinity developed upon 
cooling was systematically studied at different cooling rates. The non-isothermal data showed that 
the combination of nucleating agent and plasticizer is necessary to develop significant crystallinity 
at high cooling rates. A sort of synergy was thus observed, but the composition range in which this 
synergy can be obtained and the trend of properties as a function of composition of the ternary 
systems was not determined in a systematic way.  
Oligomeric poly(lactic acid)s are new conceived plasticizers developed for the plasticization of 
PLA and biodegradable polymers obtained from bio-renewable raw materials and fully 
biodegradable and bio disposable. When they are used in PLA they allow obtaining stretched films 
with excellent mechanical properties without loss of transparency [14-15]. However their effect 
combined with nucleating agents was never studied. 
In the field of nucleating agents the commercial product LAK (an aromatic sulfonate) is reported to 
provide a high crystallinity, high heat-stability of PLA mould parts and allows the onset of cold 
crystallization beginning at higher temperature [29]. PDLA was also found to behave as a 
nucleating agent for decreasing the half-time of crystallization [30] of PLA, with the advantage of 
the excellent compatibility because of the much similar structure and also thanks to the formation of 
stereocomplexes [31-32]. More recently Shi et al. [33] evidenced again the synergistic effect of 
nucleating agents and plasticizer by plasticizing PLA with PEG and adding also different nucleating 
agents such as PDLA, LAK and talc. A combination of LAK as nucleation agent and talc, used also 
as reinforcing filler, was reported to allow a good combination of properties, as the half 
crystallization time was reduced and, regarding the mechanical properties, an improved ductility of 
the material was attained. However, any evidence about what can be the trend of thermal and 
mechanical behaviour as a function of composition was not reported.  
The present work, is devoted to investigate the use of a biodegradable plasticizer GLYPLAST 
OLA8 based on oligomeric PLA, in combination with nucleating agents, poly(D-lactic acid) 
(PDLA) or LAK301 (LAK), in PLA formulation in order to improve the mechanical and thermal 
properties of PLA controlling its processing. In particular, in order to systematically study this 
system as a function of composition, in the present study the effects of four mixture components 
PLA, OLA8 (as plasticizer) and LAK and PDLA (as nucleating agents) on the thermal and 
mechanical properties of the blends were investigated by using multivariate statistical methods 
which allowed identifying the compositional region where the crystallization rate is maximized and 
where a synergistic effect between plasticizer and nucleation agents can be observed. The work was 
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planned using an extension of the Design of Experiments (DoE) methods called Mixture Design 
approach, in which the weight fractions of formulations components constitute the input factors. 
DoE represents a very important tool complementary to the traditional approaches (based on one 
factor variation at a time) in order to improve the performances of the process correlated both to the 
material design and to its synthesis [34]. Specifically, the Mixture Design considers the different 
components of formulation as not completely independent from each other, allowing estimating 
how the ratios between ones to each other directly affect the target properties [35]. 
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2. Theory of Design of Experiments (DoE):  
 
Design of Experiments (DoE) can be used, as a critically important tool, to improve the 
performances of a process and in particular it can be considered an alternative way to traditional 
approaches in order to achieve the final goal without performing a large number of experiments. 
The (statistical) design of experiments (DOE) is an efficient procedure for planning experiments so 
that obtained data can be analyzed to yield valid and objective conclusions. The final input of a DoE 
is to create a predictive model which can describe the relationships between the input variables and 
the final properties of the materials. The guide lines to prepare a DoE are:  
 Define objective of the experiment;  
 Identify response variables (measured or dependent variables);  
 Decide which factors to investigate (independent or input variables - orthogonality);  
 Possible factors which influence the response variables;  
 Choose the levels (usually low and high level) of each factor;  
 Select the appropriate design; Conduct the experiments;  
 Analyze the results and create a predictive model.  
A flow chart of DoE is reported in figure. 1. 
 
Figure 1. Flow chart in DoE 
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Factors are the independent variables which, due to changes in their levels will exert an influence 
on the system or the process and then on the responses variables. They can be categorized as 
process factors (temperature, time) mixture factors (amount of the constituents in a mix) according 
to the studied system. They can be quantitative (factors which may change according to a 
continuous scale), qualitative (categorical variables, the factor can only assume certain discrete 
values). At this stage it has been performed a screening study. The primary purpose in screening is 
to select or screen out the few important main factors from the many less important ones also 
evaluating the possible interaction factors. The order in which the experiments run should be 
randomized to avoid influence by uncontrolled variables (time-related) such as moisture, ambient 
temperature, etc. Replication improves the chance of detecting a statistically significant effect (the 
signal) in the midst of natural process variation (the noise). 
The experiments include all the possible combination between the different levels of each factors of 
the full factorial design. Dividing your experimental runs into homogeneous blocks increase the 
sensitivity of DOE. Blocking screens out noise caused by known sources of variation, such as raw 
material batch, machine differences, etc. 
 
Figure 2. DoE Fundamental concepts 
Thus the DoE will consist in: conduct the experiments, measurement of the final properties of 
interest, and analyze the results. The analysis of the experimental data involves, usually, several 
basic steps: regression analysis, model interpretation and finally test of the regression models. The 
regression analysis and models interpretation, involves the calculation of the mathematical models 
in order to correlate the input factors with the measured properties of the material. In this study, a 
Partial Least Square (PLS) regression method is used to explore the dependence of the responses 
(mechanical properties) on varied factors. When fitting regression model different parameters: 
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“goodness of fit” (R2), Adjusted R-squared and “goodness of prediction” (Predicted R-Squared) are 
analyzed: the R2 coefficient of determination is a statistical measure of how well the regression line 
approximates the real data points. An R2 of 1.0 indicates that the regression line perfectly fits the 
data. Adjusted R square measures the proportion of the variation in the dependent variable 
accounted for by the explanatory variables. Unlike R square, adjusted R square allows for the 
degrees of freedom associated with the sums of the squares. Therefore, even though the residual 
sum of squares decreases or remains the same as new explanatory variables are added, the residual 
variance does not. For this reason, adjusted R square is generally considered to be a more accurate 
goodness-of-fit measure than R square. Predicted R-squared is used in regression analysis to 
indicate how well the model predicts responses for new observations, whereas R-squared indicates 
how well the model fits your data. Predicted R-squared can prevent over-fitting the model and it can 
be more useful than adjusted R-squared for comparing models because it is calculated using 
observations not included in model estimation. An important tool for the design of experiments 
analysis is the analysis of variance (ANOVA) which, it can be used in the regression analysis to 
separate and estimate the different causes of variation such as those associated with systematic 
errors and those arising from random errors. ANOVA involves two tests that assess the truth of a 
hypothesis which is known as the null hypothesis. It is the hypothesis to be tested and the term null 
implies that there is no difference between the considered means. ANOVA is based on partitioning 
the total variation of a selected response into one part due to the regression model and another part 
due to the residuals. When replicated experiments are available, as in this study, ANOVA also 
decomposes the residual variation into one part related to the model error and another part linked to 
the replicate error. Subsequently, the numerical sizes of these variance estimates are compared by 
means of F-tests. The first F-test named regression model significance test compares the variance 
related to the regression model and the variance of the residuals (MS regression/MS residual); then 
retrieving the probability, p that this two variances originate from the same distribution. It is 
common practice to set p=0.05 as the critical limit. A p-value lower than 0.05, indicates a good 
model; the two variances are unequal and not drawn from the same distribution and the null 
hypothesis is rejected. The second F-test named lack of fit test compares the size of the two 
variances MS model error and MS replicate error. In the ideal case, the model error and the 
replicate error are small and of similar size then the F-test show a low result and the p-value is 
larger than the critical value (p=0.05), hence, the model has a small model error and good fitting 
power, that is, shows no lack of fit. 
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Other important information on the goodness of the model can be revealed by the residuals analysis. 
It is known that a good model should be characterized by normally distributed errors, so the N-
probability plot is taken into account in order to verify the normal behaviour of the residuals and 
then to detect deviating experiments. In addition to regression analysis, also model interpretation 
plays an important role in the data analysis: studying the coefficient plot it is possible to decide if 
the model can be used for model interpretation, and, eventually, model pruning. The regression 
coefficients of the model and their confidence intervals are obtained and it is possible to know the 
real effect of the coefficients on the measured properties, identifying which factors improve the 
mechanical properties of the green body. Finally, through the response contour plot we can analyze 
the studied region in order to choose the best point at which conduct test experiments or anchor a 
subsequent design. 
Mixture design is an extension of DoE and involves combining components of an end-product in 
various proportions and measuring one or more response variables of the resulting end-product. The 
component proportions can sum to any constant ≤1, although traditionally the constant is 1.0 
(because component proportions can always be scaled by the different constant so that the sum is 
1.0). Often the proportions of the components are subject to lower and/or upper bounds and 
possibly multi-component constraints. In such cases, the mixture space generally is an irregular 
polyhedral region. The goal of mixture experimentation is often to find an optimum blend of 
components that provides desired or optimal values of one or more response variables. This goal is 
typically achieved by developing a mixture experiment design, forming the experimental mixtures 
according to the design, measuring the response variables, developing response–composition 
models using the experimental data and applying response–optimization methods. The advantages 
of this approach are that responses can be predicted (with uncertainties) throughout the 
experimental region, and different optimum formulations can be developed for different 
optimization goals. The mixture simplex, which will be applied in this stage of study, is defined by 
the following two constraints: 
  
x i
i=1
q
å =1 
  
0 £ xi £1 
Where xi are the independent composition variables and q is the total number of mixture 
components. 
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The response function (y) can be expressed in its canonical form as a low degree polynomial 
(typically, first or second degree) and describes the relationship between properties and mixture 
component proportions: 
                                                        ( eq.1) 
                                    (eq. 2) 
where; β0 is the constant term, β’s the model parameters or regression coefficients and ε the residual 
response variation not explained by the model. The regression equation, such as eq. (1) or eq. (2), 
resulting from the statistical analysis was validated by considering different tools and methods in 
order to study the possibility to use the model for decision making. 
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3. Experimental section  
 
3.1 Materials 
PLA NatureWorks LLC INGEO 2003D, (average molecular weight 200,000, melting point 
temperature Tm = 210˚C, glass temperature Tg = 55-58˚C; D-lactic acid content in the range 4-4,5% 
[36]) has been used. The plasticizer Glyplast OLA8 (figure. 3), an alkyl terminated oligoester of 
lactic acid, and the PDLA (figure. 3) were provided by Condensia Quimica, Spain. LAK-301 
(LAK) (figures 3 and 4) is an aromatic sulfonate derivative produced by Takemoto oil&fat Co.Lt, 
Japan and currently employed in Ingeo(TM) 3801X (NatureWorks, PLA resin) formulation as 
nucleating agent.  
 
Figure 3. Structure of the additives used in this work 
 
Figure 4. SEM micrograph of the LAK301  
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3.2 Processing and Characterization methods 
The blends extrusion was carried out in a Haake Minilab at 180 °C, 90 rpm, recovering the molten 
material after 1 min of recirculating time. The starting polymers were previously dried at 60 °C in 
vacuum for four days. After extrusion, the molten materials were transferred through a preheated 
cylinder to the Haake MiniJet II mini injection moulder (Thermo Scientific Haake GmbH, 
Karlsruhe, Germany), operating at 650 bar pressure, mould temperature of 35 °C, for 15 sec, to 
obtain Haake type 3 specimens used for measurements and analysis. The specimens were placed in 
plastic bags for vacuum sealing to prevent moisture absorption. Tensile tests were carried out on an 
Instron 5500R universal testing machine at 10 mm/min with a load of 1kN. By this tests the Elastic 
Modulus (E), the stress at break (σb), the stress at yield (σy) and the elongation at break (εb) were 
determined.  
DSC measurements for determining the thermal properties and time of crystallization were carried 
out on a DSC Q200 TA instrument, setting a first run from 20°C to 190 at 10°C/min °C, an 
isothermal step of 5 min at 190°C, a fast cooling step to 105°C, and an isothermal step at 105 °C for 
30 min. The latter step was performed to measure the half crystallization time t1/2, since it has to be 
at least three times longer than the time required for crystallization. Finally the sample is heated up 
to 190°C at 10°C/min.  
The blends crystallinity, developed during the rapid cooling (15 seconds) in the mini injection 
moulder, is determined by calculating the difference (ΔHm) between the area under the melting peak 
and the area under the cold crystallization peak. Thus the crystallinity of PLA (% cryst. I) was 
determined according to equation 3:  
 
 
 
where ΔH100%C is the melting enthalpy of 100% crystalline PLA (93,0 J/g). 
From the thermogram of the final heating step the area of the melting peak (ΔH) and the percentage 
of crystallinity developed after the isothermal process (% Cryst. II) were also calculated. Dynamic 
mechanical thermal analysis was performed on a GABO Eplexor 100N Instrument, working in 
tensile mode, on 20x5 mm specimen cut from the Haake type 3 specimens, with average thickness 
of 1.6 mm, at a heating rate of 2°C/min, from -100 °C to 150°C, and 1Hz frequency. By means of 
the dynamic mechanical thermal the glass transition temperature was determined. The compositions 
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investigated in this study were planned by using the Mixture Design in which two main constrains 
were used: the first regarding the proportion of the constituent proportion xi in the mixture (eq. 4)  
 
0⩽𝑥𝑖⩽1,   𝑖=1,2,3…𝑞,   Σ𝑥𝑖=1𝑞𝑖=1            (eq.4) 
 
where q are the constituents. the second regards the additional boundary constrains on the 
constituent proportion. In mixture design, there are some additional boundary constraints on the 
constituents proportion (xi), which limit the feasible space of components between the lower (Li) 
and the upper (Ui) constraints. The general form of the constrained mixture problem is given by:  
 
i = 1, 2, 3, ….   Q;   0 < Li < xi < Qi < 1         (eq.5) 
Restrictions reported in eq. 5 reduce the constraint region given by eq. 4 to an irregular dimensional 
space. Mixture models, most commonly used in fitting data, are the functions known as the Scheffé 
canonical [37] polynomials (eq. 6) and given by:  
 
         (eq.6) 
 
where E(Y) is the response, ßi and ßij are the regression coefficients calculated from the 
experimental data by multiple regression, and xi and xj are the levels of the independent variables. 
Table 1. reports the components considered in this work and their specific range. The resulting 
experimental region is an irregular polyhedron, thus the mixture components were transformed in 
U-Pseudo components (reported in table 1 as Low and High coded), where the maximum value of 
each component becomes zero and the minimum value approaches one, according to equation 
reported in literature [35, 37]. 
 
Table 1. Composition data and their ranges Component 
 Name Low Actual High Actual Low coded High coded 
A OLA8 0.05 0.2 0.750 0 
B PLA 0.7 0.9 1.000 0 
C LAK 0 0.05 0.250 0 
D PDLA 0 0.05 0.250 0 
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Sixteen experiments, including five center points (that are also replicated points) were planned as 
detailed in table 2. The experiments were performed according the randomized run order.  
 
Table 2. Experimental plan  
Sample Order of run OLA 8 POLY L LAK PDLA 
1 11 0.066 0.834 0.05 0.05 
2 2 0.2 0.7 0.05 0.05 
3 7 0.1 0.9 0 0 
4 6 0.138 0.812 0 0.05 
5 4 0.2 0.722 0.028 0.05 
6 14 0.2 0.782 0 0.018 
7 10 0.2 0.75 0.05 0 
8 15 0.133 0.805 0.037 0.025 
9 8 0.056 0.9 0.009 0.035 
10 3 0.055 0.89 0.05 0.005 
11 1 0.129 0.820 0.026 0.026 
12 5 0.129 0.820 0.026 0.026 
13 9 0.129 0.820 0.026 0.026 
14 12 0.129 0.820 0.026 0.026 
15 13 0.129 0.820 0.026 0.026 
16 16 0.2 0.782 0 0.018 
 
For E, σb, σy, Tg, t1/2, % Cryst I, % Cryst II and ΔH different models were analyzed and their 
validity were ascertained through the ANOVA analysis by using commercially available software 
(Design Expert 7, Stat-Ease). The resulting models allowed describing the relationships between the 
starting composition and the final measured responses. 
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4. Results and Discussions 
4.1 Mechanical Properties 
The experimental results of tensile tests (E, σy, σb, εb) and dynamic thermal mechanical analysis 
(Tg and E’) are reported in table 3. A general good reproducibility of the experimental data is 
observed, because, especially for the E, σb, σy the values corresponding to the replicated tests (11, 
12, 13, 14, 15¸and 6, 16) are close to each other with a low variation compared to the variation of 
the entire data. Some discrepancy were noticed comparing the data of Elastic Modulus obtained by 
tensile tests with those of E’ determined by DMTA. Although this can be partially attributed to the 
fact that the tests are intrinsically different, we can notice that the discrepancy is more evident in 
sample 2 and 16 or in sample 9 and 10, where the highest and the lowest content of OLA8 were 
used respectively. This disagreement can be attributed to some composition fluctuation due to 
preparation in the melt and typical of the DMTA tests, carried out onto smaller specimens, less 
representative of the material, than tensile tests.  
Table 3. Results of Mechanical tests and Dynamic Thermal Mechanical Analysis 
 
Sample Mechanical Properties DMTA 
 E(GPa) σy(MPa) εy(%) σb(MPa) εb(%) Tg(˚C) E’(GPa) 
1 2.6 47 2.2 40 8.6 57 2.6 
2 1.2 11 3.5 20 278 45 1.9 
3 2.7 47 1.9 38 5.6 57 2.4 
4 2.1 42 2.3 32 5.3 53 2.5 
5 2.0 18 2.9 23 285 45 1.7 
6 1.7 17 2.8 28 340 47 2.2 
7 2.2 28 2.2 18 247 47 2.4 
8 3.1 41 2 31 15.3 53 2.9 
9 3.1 50 2.1 39 11.0 61 2.4 
10 3.2 36 1.7 28 9.2 63 2.1 
11 2.6 39 2.2 31 9.5 53 2.4 
12 2.5 42 2.2 32 13.5 53 2.6 
13 2.8 40 1.8 20 15.5 55 2.3 
14 2.8 38 1.9 30 9.0 51 2.4 
15 2.7 40 1.8 30 10.5 53 2.6 
16 1.2 16 2.5 23 310 47 2.3 
E=Young’s modulus, σy= Stress at yield, εy= Elongation at yield, σb= Stress at break, εb= Elongation at break, Tg= glass transition 
temperature, E'= Storage modulus 
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During the tensile test, all samples showed yielding, flow softening and even strain hardening. After 
yielding, on the specimen, a necking zone was observed and the neck extended until final fracture.  
The effect of the selected input factors on the mechanical properties can be described using a linear 
model for E and σb, and a quadratic one for σy. The experiment 10 is not used in the data analysis of 
both σb and σy since it was highlighted as deviating experiment. Table 4. summarizes the ANOVA 
results for each model. 
 
Table 4. ANOVA results for the mechanical properties: modulus of elasticity (E), stress at break (σb), stress at yield 
(σy) 
a p-value associated to the F-Test of the regression model  
b p-value associated to the lack of fit test 
The F-values are higher than one (p-value < 0.05), and the Lack of Fit is not significant (p-value > 
0.05), thus satisfying the two F-tests. Moreover R-Squared, Adj R-Squared and Pred R-Squared for 
σb and σy are higher than 0.8 pointing out the validity of the model. On the contrary the ANOVA 
parameters for E are not excellent and particularly the Pred R- Squared value (0.51) clearly 
suggests that a more complex model should be developed in order to ensure an appropriate 
prediction power. Anyway, the aim of this work is mainly focused on a screening perspective, 
therefore all the models (including that for E) can be used to describe quantitatively and for E just 
qualitatively, the effect of the blend compositions on the mechanical properties. 
Moreover, further analysis of the model coefficients (not reported in this work) suggests that only 
OLA8 and PLA play a significant role on elastic modulus E excluding any influence of both LAK 
and PDLA. The trace (reported as example of a trace plot) and contour plots reported in figure. 5a 
and 5b respectively, show in detail the influence of each factor on E. The first one (figure 5a) 
clearly point out that decreasing the amount of OLA8 (from the left to the right side of the plot) the 
modulus of elasticity increases, while PLA produces the opposite effect. The same information can 
be also derived from the contour plot reported in figure. 5b. The correlation between E and the 
OLA8 content is in agreement with the plasticizing effect of this additive. 
 F-value p-valuea lack of fit p-valueb R-Squared Adj R-Squared Pred R-Squared 
E 11.7 0.0007 4.79 0.052 0.75 0.69 0.51 
σb 47.3 < 0.0001 1.46 0.35 0.93 0.91 0.82 
σy 168.32 < 0.0001 1.16 0.39 0.99 0.99 0.93 
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(a) (b) 
Figure 5. Trace (a) and contour plot (b) of E 
For the stress at yield (σy) the overall results of the statistical analysis reveals that a decrease in PLA 
and LAK content leads to a decrease in σy, while by decreasing OLA8 and PDLA the σy value 
increases. For this properties the presence of quadratic terms in the model has been observed and 
among them the LAK*PDLA is the most significant one. Moreover, it is worth noting that the 
highest amount of LAK and the lowest amount of PDLA leads to the highest value of σy, as 
illustrated in figure. 6 (two components mix graph). Possible explanation of the correlation between 
PDLA content and σy can be derived considering that this component in the blend can promote 
stereo complexes formation as detailed by Wei et al. [30]. In general, when PLLA/PDLA 1:1 
solution casted blend are prepared the tensile properties E, σy e σb increase [31], because the 
formation of these complexes inside the blend structure leads to an increased structural rigidity due 
to the formation kind of a branched/crosslinked system but when the content of PDLA is lower in 
melt processed blend a decrease in these properties was recently observed [39-40]. Probably the 
melt extrusion, having a short residence time, cannot allow an optimal dispersion of PDLA in PLA. 
In general, in PLA containing less than 10% of PDLA prepared in the melt, an effect onto 
crystallization behaviour and melt viscosity [40] of the formation of stereocomplexes is reported, 
but not significant improvement of tensile properties are observed [39, 40].  
The increase in σy with LAK content increasing can be ascribed to higher crystallinity content, to 
the development of harder crystalline domains in the presence of this nucleant agent or to the 
increased rigidity of the amorphous phase and will be more extensively discussed in the following. 
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(a) (b) 
Figure 6. Two components mix graph (a) and contour plot (b) of stress at yield (σy) 
As in the case of Elastic Modulus, the σy decreasing by increasing OLA8 concentration can be 
ascribed to the improved free volume between PLA macromolecules and increased mutual mobility 
of the PLA chains [31].  Concerning the stress at break (σb), which is a measure much dependent on 
the presence of defects in the material and less reliable than σy, the coefficients and the trace plot 
analysis (not reported) reveal that this property is mainly influenced by OLA8 and PLA content (p-
value associated to each coefficient is less than 0.05) (figure. 7). Moreover, as observed for E, also 
in this case the most significant effect is played by the content of OLA8 in the blend. On the 
contrary, while a very slight effect of LAK is reported, the PDLA does not produce any significant 
variation on σb. In detail, by decreasing the OLA8 content σb increases whereas a decrease in the 
LAK content leads to a decrease of this mechanical property. 
 
 
Figure 7. Contour plot of stress at break (σb) 
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The addition of OLA8 to PLA leads to reduction of Tg and also E, σy and σb as the normal effect of 
plasticization, thanks to the increased mobility of macromolecular chains at room temperature, 
making the material less resistant but more ductile. Interestingly σy varies monotonously with LAK 
concentration.  The statistical analysis for elongation at break εb is not reported since the model is 
not significant. The high values of elongation at break (>200 %) at the highest content of OLA8 
(20%wt), are in agreement with the homogeneous disruption of additives inside matrix without 
providing separated phase (high miscibility) of these additive with PLA [14-15]. 
 
4.2 Thermal Properties 
The experimental results of DSC analysis reported in table 5. Are codified in terms of time to 
achieve 50% crystallization at 105°C (t1/2), crystallinity % determined at the first DSC scan (% 
Cryst I) and crystallinity % determined at the second DSC scan (% Cryst II). The glass transition 
temperature values, determined by DMTA tests (table 4.), were also codified as Tg. In the DSC 
thermograms during the heating steps (I or II run) two peaks were observed in the melting region. 
The first peak can be attributed to the melting of more irregular 𝛼‘ crystals and the second to the 
more ordered 𝛼 crystals [4].  
 
Table 5. Thermal properties of the investigated samples 
*In sample 3, without nucleating agents, there was no crystallization in isothermal treatment at 105°C,  
 I Run   ISO T 105 °C  II Run  
STD 
ΔHc I 
(J/g) 
Tm1 
(°C) 
Tm 
(°C) 
Tcc 
(°C) 
% cryst. 
I 
t1/2 
(sec) 
ΔHc II 
(J/g) 
ΔH 
(J/g) 
Tm1 
(°C) 
Tm 
(°C) 
% cryst. 
II 
1 0.25 134 152 87 0.3 51 32.5 21.5 140 151 23.1 
2 6.1 130 150 77 6.5 48 14.0 14.7 140 150 15.9 
3 1.5 141 155 97 1.6 n.d.* n.d.* 23.4 144 154 25.1 
4 0.2 140 153 87 0.3 112 41.0 21.3 142 153 22.9 
5 6.8 136 152 76 7.3 46 18.0 12.2 140 151 13.1 
6 4.0 133 152 84 4.3 151 50.6 20.7 140 151 22.2 
7 3.9 143 152 97 4.2 61 20.5 16.2 145 153 17.4 
8 3.0 141 153 94 3.3 60 24.5 19.6 145 153 21.1 
9 4.4 144 155 98 4.7 152 56.2 23.2 146 155 24.9 
10 2.6 145 155 100 2.8 76 16.0 21.1 147 155 22.7 
11 3.2 137 153 91 4.6 38 19.0 22.5 143 154 24.1 
12 4.3 136 152 90 4.6 40 20.3 22.2 143 153 23.8 
13 7.9 138 158 91 4.5 45 20.0 21.4 144 153 22.9 
14 5.1 136 152 88 4.5 44 23.0 20.4 142 152 21.9 
15 5.1 138 153 90 4.5 41 20.5 22.5 143 153 24.2 
16 4.3 132 150 83 4.5 152 45.7 21.4 139 150 23.0 
Chapter 2: Composition dependence of the synergistic effect of nucleating agent and plasticizer in PLA: mixture design study 
 
 45 
 
The use of PDLA alone (run 6) result in a t½ of 151 s, in good agreement with the nucleating 
properties reported for this additive [30]. The use of LAK alone (run 7) determined the decrease of 
t1/2 to 61 s, showing a better  efficiency of LAK with respect to PDLA as yet reported by Shi et 
al.[38].  The ANOVA analysis shows that while the effect of the mixture components on Tg is well 
described through the linear model, for ΔHc, % Cryst I, % Cryst. II and t1/2 quadratic terms need to 
be included to improve the goodness of the models. In particular LAK*PLA for both % Cryst II and 
ΔHc, OLA8*PLA, OLA8*LAK, PLA*LAK, LAK*PDLA for % Cryst I and OLA8*PLA, 
OLA8*LAK, OLA*LAK, OLA8*PDLA, PLA*PDLA for t1/2. The models are consistent (p-values 
of the F-test < 0.05), the Lack of Fit is not significant and the model parameters (table 6.) reveal a 
good fitting and predictive power, except for t1/2 for which the high difference between R-Squared 
and Pred R-squared (0.38) and data clusters were observed. 
 
Table 6. ANOVA results for the thermal properties glass transition temperature (Tg), crystallization enthalpy (∆Hc) and 
percent crystallinity (% cryst. I and % cryst. II) and half crystallization time (t1/2) 
 
a p-value associated to the F-Test of the regression model  
b p-value associated to the lack of fit test 
 
The normal distribution of the residuals for the investigated properties satisfy the statistical 
requirements and therefore are not reported here. Only for the t1/2 the residual analysis suggests the 
presence of a fair normal distribution anyway the high values of R-Squared (0.99) and Adj R-
Squared (0.99), together with an insignificant Lack of Fit, allow us to use the obtained model to 
explore the possible region of interest, as suggested in other works [38]. The coefficients analysis 
and the trace and contour plots for the Tg reported in figures 8a and 8b suggests that OLA8 and 
PLA are significant factor in defining the Tg trend. In particular an increase in OLA8 leads to a 
 F-value p-valuea lack of fit p-valueb R-Squared Adj R-Squared Pred R-Squared 
Tg 108.6 < 0.0001 0.67 0.70 0.96 0.95 0.93 
ΔHc 23.7 < 0.0001 1.18 0.43 0.90 0.87 0.82 
% Cryst. I 31.9 < 0.0001 0.94 0.45 0.97 0.87 0.94 
% Cryst. II 23.7 < 0.0001 1.17 0.43 0.90 0.88 0.82 
t1/2 491.39 < 0.0001 1.15 0.33 0.99 0.99 0.61 
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decrease of Tg while an almost negligible similar effect of LAK was observed. The glass transition 
temperature value is thus mainly affected by OLA8 plasticization, increasing the mobility of 
macromolecular chains and thus reducing the temperature at which the flexible amorphous material 
can be converted in a rigid amorphous glass. 
(a) (b) 
Figure 8. Trace (a) and contour plots (b) of glass transition temperature (Tg) 
 
LAK and OLA8 concentrations play a moderate effect on % Cryst. II and ΔHc (figures 9 and 10): 
decreasing OLA8 and LAK content leads to the increase of both the properties notwithstanding the 
effect of LAK is lower with respect to that produced by OLA8. These results show that when the 
material is annealed for long time at 105°C, the presence of LAK does not lead to crystallinity 
increase. These results confirm that the effect of a nucleating agent is increasing the nuclei density, 
but as the number of nuclei is increased, for long annealing time, the crystal growth is limited, 
leading to crystallinity decrease with respect to not nucleated PLA. This effect was noticed for 
many other plasticizers [4]. In a similar way the presence of plasticizer on one side increases the 
mobility of the chains favoring the crystalline packing, but on the other introduce disorder in the 
system, partially replacing inter-macromolecular interactions, significant for crystals formation, 
with plasticizer-macromolecule ones. In the specific case of OLA8 the introduction of disorder is 
given by the presence of the terminal groups, as the chain structure is the same as PLA. 
Thermodynamic driving forces thus predominate on kinetic ones. This explains why for high 
annealing time the crystallinity decreases as a function of OLA8 content [27]. Differently, changes 
in PDLA content do not produce any variation of % Cryst. II and ΔHc.  
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Figure 9. Contour plot of % Cryst. II 
 
Figure 10. Contour plot of crystallization enthalpy ΔHc 
 
The analysis of the half crystallization time (t1/2) shows that all terms, including the interaction 
ones, cover an important role in the variation of this property. From the trace plot (not showed) it 
was observed that both LAK and PDLA can contribute to a t1/2 variation with a parabolic trend. 
From the low to the intermediate concentration of LAK the half crystallization time decreases, but a 
further increases of LAK leads to an increase of t1/2. PDLA has an opposite effect with respect 
LAK. Moreover, it is worth noting that the region in which the half crystallization time is at the 
minimum level, underlined in the contour plot in figure. 11, is the one in which significant 
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crystallinity can be developed more rapidly. On this trend a strong responsibility is played by the 
non-linear terms such as the OLA8 * LAK: modifying this factor allows achieving the lower t1/2 
values. 
 
Figure 11. Contour plot of half crystallization time t1/2 
 
The synergistic effect of plasticizer and nucleation agent in increasing the crystallization rate was 
already suggested and reported in literature but the important value added by this work derive by 
the definition of a specific region in which this synergy occurs. Hence, this study allows the 
understanding of the role played by each components and their mutual interaction on the t1/2 
decreasing [21, 27-28, 40]. The synergy of OLA8 and LAK plays a key role in the crystallization 
rate properties of the mixture and in particular, an intermediate concentration with respect of the 
explored range encounters the condition of maximum crystallization rate. In this peculiar range the 
optimal concentration of LAK to determine the increase of nuclei density is reached and the further 
addition of LAK is detrimental with respect to heterogeneous nucleation. On the other side an 
intermediate value of OLA8 content is required to minimize t1/2. As the plasticizer is reported to 
increase the spherulitic growth rate [27] thanks to the increased mobility, we can observe that 
probably a high concentration of it introduces excessive dilution of macromolecular PLA chains in 
the system, thus limiting the growth rate. In the composition range where the minimum t1/2 is found 
the correct balance between formation of nuclei rate and spherulitic growth rate can be found. 
Since the development of crystallinity in its early stage covers a fundamental role during 
processing, especially during injection moulding, the % Cryst. I, developed during the cooling in 
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the injection molding press, represent a quite interesting technological parameter. The rapid 
development of crystallinity can allow the rapid development of mechanical resistance and the easy 
removal of the injection molded part from the mould assuring a short industrial cycle. Among the 
linear terms LAK displays the most important role, and its effect can be described considering that 
moving from the maximum to the intermediate value (while maintaining constant the ratio between 
the other components) an increase of the % Cryst. I, can be observed. On the contrary, further 
decrease in the LAK content (moving to the minimum value) leads to a decrease in the % Cryst. I. 
 
 
(a)                                                                            (b) 
Figure 12. (a) Two component mix graph and (b) contour plot of % Cryst. I 
In agreement with t1/2 results, an intermediate content of LAK with respect to the explored range 
can assure the highest content of crystallinity, probably thanks to the same capacity of increasing 
nuclei density up to an optimal concentration. Concerning the crystallinity of the mixture a quite 
different trend is observed with respect to % Cryst II. In fact a parabolic trend with a minimum was 
observed as a function of OLA8 content: the highest value of % Cryst I is achieved when the 
content of plasticizer is the highest. This effect is in contrast with the trend observed for the use of 
only a plasticizer in PLA, because usually the crystallinity developed during rapid cooling decreases 
by increasing the plasticizer content [16]. On the other hand, in the presence of a nucleating agent 
the beginning of crystals growth occurs starting on the nuclei surface. When the concentration is 
low (up to 10%), the plasticizer hinders the crystal growth with respect to pure PLA. As the 
chemical structure of OLA8 is identical to the one of PLA, this action is certainly attributable to the 
higher concentration of terminals, creating local disorder and thus disabling crystal packing. On the 
contrary, when the concentration is high the main effect of OLA8 is allowing the spatial separation 
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of macromolecules providing a higher free volume for segments motions, allowing the chains 
fragments to assemble in crystals more easily. Hence the plasticizer, which was reported to favor in 
general crystal growth [27], is found here to disturb crystal growth in the early stage of crystal 
formation if present at intermediate concentration and to favor it if present at high concentration. 
Hence during the rapid cooling below glass transition the availability of free volume is confirmed to 
be a factor that improves crystal growth rate on a kinetic point of view but only at high OLA8 
content. 
 
4.3 Comparison between thermal and mechanical data 
Thermal data related to the first DSC heating step and mechanical data can be correlated as 
resulting from testing on specimens underwent to identical thermal treatment. The application of the 
Mixture Design approach to PLA containing a plasticizer and two different nucleating agents 
evidenced that the mechanical properties, such as E, σb and σy decreased by increasing OLA8 
because of plasticization. On the other hand the crystallinity % Cryst I correspondingly showed a 
minimum-like trend. However the crystallinity content of the sample developed in the cold mould at 
35°C is quite low. If we consider the semi-crystalline PLA as a particulate composite consisting in 
an amorphous matrix with dispersed crystalline domains, we can consider that:  
 
 
where σb is the measured stress at break of PLA and σcryst, Vcryst,σamor and Vamor are the stress at 
break and volume fractions of its crystalline and amorphous phases, respectively. We have to notice 
that equation 3 represents a strong approximation, since σcrystVcryst is probably the sum of 
contributions of two different kinds of crystals: 𝛼 and 𝛼’. In fact both kinds of crystals are present, 
as revealed by DSC analysis. However, as the material is mainly amorphous (in fact the crystallinity 
varies in the range 0,3-7,3%) in this case the mechanical properties strongly depend on the rigidity 
of the amorphous phase. In fact the elastic modulus of the amorphous phase, as well as the Tg value, 
decreases as the OLA8 content increases. This can easily explain the trend of E, σy and σb as a 
function of OLA8 content.  On the other hand E, σb and σy were found to increase with LAK 
content whereas the % Cryst I crystallinity showed a maximum at about 3% LAK. The trend can be 
explained again keeping into account that mechanical properties are mainly consequence of the 
rigidity of the amorphous phase. In this case, we can consider the interaction of LAK or small LAK 
aggregates with PLA macromolecules, acting as physical cross-linking points, thus resulting in an 
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increased modulus of the amorphous matrix. In accordance this can explain why E, σb and σy 
increase upon increasing LAK concentration. 
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5.  Conclusions  
 
The application of a Mixture Design approach allowed investigating the influence of plasticization 
and nucleation onto thermal behaviour and mechanical properties of PLA based materials in a 
systematic way, by clearly identifying composition regions where the crystallization rate is 
maximized and where it can be observed a synergistic effect between plasticizer and nucleation 
agents, attributed to the optimization of balance between formation of nuclei rate and spherulitic 
growth rate. LAK resulted efficient as nucleating agent since the half time of crystallization of PLA 
in the blends with LAK and PDLA was significantly reduced.  
Interestingly the crystallinity developed during injection moulding resulted maximized at 
intermediate LAK content with respect to the investigated range, whereas it presents a minimum-
like trend as a function of OLA8 concentration. Hence the plasticizer, which was reported to favor 
in general crystal growth [27], is found here to disturb crystal growth in the early stage of crystal 
formation if present in intermediate concentration and to favor it if present at higher concentration.  
However the mechanical properties were found to be mainly dependent on the amorphous phase 
rigidity of the PLA based compounds as the crystallinity content developed was low, in the range 
0,3-7,3% in the experimented conditions. Hence E, σb and σy were found to increase as a function of 
LAK content increase and decrease as a function of OLA8 increase. The former trend was attributed 
to specific interaction between LAK and PLA macromolecules improving amorphous phase rigidity 
and the latter can be attributed to reduction of amorphous phase rigidity thanks to plasticization.  
The technological exploitation of this study can occur by correctly modifying mould temperature 
(close to cold crystallization temperature) and holding time in injection moulding to benefit of the 
improved crystallization rate in the composition range where a synergy between plasticization and 
nucleation was found. In the case of fast cooling below glass transition temperature (condition 
experimented in the present work) this study demonstrates that the developed crystallinity is quite 
low, but can be maximized by using intermediate concentration of LAK and a high content of 
OLA8, to find, even in these less favorable conditions for crystallization, the best compromise 
between the increase of nuclei density due to LAK and the increase of spherulite growth rate due to 
OLA8. 
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Chapter 3 
Tailoring properties of plasticized poly(lactic acid) containing nucleating agent 
 
 
1. Introduction 
 
Poly(lactic acid) (PLA) is one of the most promising alternatives for petrochemical- based plastics. 
The control of its crystallization provides the simplest and most practical approach for enhancing its 
properties. The synergistic effect of nucleating agent (LAK301) and plasticizer (206 3NL) for 
modulating crystallization towards high-performance PLA compositions was investigated with the 
aim of understanding the relationship between crystalline structure and thermal-mechanical 
properties of PLA. 
 
1.1 Importance and Tailoring Crystallization in Poly(lactic acid): 
Poly(lactic acid) or poly(lactide) (PLA) is a biobased and biodegradable aliphatic thermoplastic 
polyester, known as one of the most promising alternatives to petrochemical-derived plastics [1]. 
Depending on the chirality of monomers (L -, D -, or mixed), PLA is categorized into PLLA, PDLA 
and PDLLA.  
Commercial PLA resins mainly contain L –monomer with a small fraction of D –monomer. 
Generally, PLA materials show high modulus, high strength, and good transparency. Before their 
application as a commodity plastic, special grades of PLA had been developed for biomedical uses, 
including drug-delivery systems, sutures, blood vessels, etc. Since the 1990s, the commercial 
introduction of PLA has gradually expanded to more general applications (e.g., packaging [2] and 
textiles [3]). PLA exhibits a glass-transition temperature (Tg) of about 60 °C, leading to the 
drawback of poor thermal resistance at a temperature slightly above the room temperature. 
Intrinsically, the Tg is determined by the chain structure, and also increases with increasing 
molecular weight, finally reaching a constant when the molecular weight exceeds a critical value. A 
physical solution to enhance the thermal resistance is to increase crystallization, as the melting 
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temperature ™ of PLA is much higher than its Tg. Meanwhile, many other properties (mechanical, 
barrier, etc.) can also be modified upon crystallization. However, the crystallization rate of PLA is 
relatively low compared with other semi crystalline polymers. 
For decades, enhancing the crystallization rate and crystallinity of PLA was the object of much 
researches carried out both in academia and industry. Several review papers have summarized 
various aspects of PLA materials, including the synthesis, structure, properties, processing and 
applications [1–4]. 
 
1.2 Crystal Structure of Poly(lactic acid): 
Like many other crystalline polymers, PLA has multiple crystalline forms. This phenomenon is 
termed as polymorphism. Two categories of polymorphism exist in polymers, both of which can be 
found in PLA. The first one refers to crystals with different chain conformations, whereas the other 
includes those crystals with the same chain conformation but different spatial packing. Under a 
given circumstance, there is only one crystalline form that is thermodynamically stable, and the 
other crystalline forms belong to the meta-stable scenario, and will eventually transform into the 
stable form in infinitely long time. Five crystalline forms have been reported for PLA, which are 
summarized in table 1. The earliest identified crystalline form of PLA is the so called α-form with 
103 helices packed in an orthorhombic unit cell [5]. For a long time, people believed that PLA 
crystallizes into the α-form during ordinary solution casting or melt processing. In 2005, Zhang et 
al. identified a less-stable α’-form of PLA crystallized below 120 °C [8a]. The α’-form has similar 
103 helical conformation and crystal system as those of the α-form, but with a less ordered lateral 
chain packing. 
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Table 1 Crystalline form and unit cell parameters of PLA. 
 
 
Now, it is commonly believed that only the α’-form crystal is formed at crystallization temperatures 
below 100 °C, and crystallization above 120 °C gives rise to the α-crystals, while mixtures are 
obtained in between [15]. Another structure, β-form, was first observed by Eling et al. in hot-drawn 
PLA fibers [16]. Melting temperature of the β-crystal is about 10 °C lower compared with the α-
crystal, implying that the β-form is thermally less stable [6]. Puiggali et al. [9] suggested that the β-
form has a structure containing three 31 helices that are randomly oriented up and down in a trigonal 
unit cell. The γ-form was obtained by epitaxial crystallization of PLA on hexamethylbenzene, in 
which two 31 helices are packed anti-parallel in an orthorhombic unit cell [10]. Besides the 
homocrystallization of PLLA or PDLA, the two types of enantiomeric chains can co-crystallize 
together into a new structure, termed as “stereocomplex” [11b]. There are still some debates on the 
detailed crystallographic structure of PLA stereocomplex. Interestingly, the Tm of the stereocomplex 
is about 50 °C higher than that of PLA homo-crystal. 
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1.3 Effect of Crystallization on Poly(lactic acid) Properties: 
Crystal modification gives rise to intrinsic structural basis for physical properties of polymer 
materials. For example, the α’-form of PLA with less ordered chain packing, leads to lower 
modulus and barrier property but higher ductility compared to the α-form [17].  
Because the β- and γ-crystal only exist under very special conditions, we focus on PLA containing 
α – or α’-forms in this section. 
 
1.3.1 Mechanical Properties: 
With a modulus of ca. 4 GPa and a tensile strength of ca. 60 Mpa, PLA has room-temperature 
properties comparable to poly(ethylene terephthalate) (PET). However, the ductility of PLA is poor, 
with a fracture strain typically lower than 10%. As the crystalline phase is more rigid than the 
amorphous phase in polymers, the modulus and strength increase with crystallinity. The modulus of 
semicrystalline polymers can be described by the Tsai–Halpin equation [18]: 
 
 
 
Where: G is the sample modulus, Ga is the modulus of the amorphous component, Gc is the 
modulus of the crystalline component, vc is the volume crystallinity, and ξ is the aspect ratio. 
In most studies, the modulus of PLA increases by increasing the degree of crystallinity [19]. An 
exception was reported by Sarasua et al., [20] that reported that no change of Young’s modulus was 
observed between quenched and annealed PLA. The ductility (evaluated as the fracture strain) of 
PLA decreases with increasing crystallinity [19a, c, 20]. No obvious change in fracture strain was 
noticed by Srithep et al [19d]. Increase of impact strength was reported in ref [19a, b].where the 
blends enhanced the impact strength of the PLA/EBH. The impact strength of blends was higher 
than those of the PLA matrix itself (improved nearly 100% from 1.4 to 2.9 KJ/m2). This is due to 
reduction of spherulite size by adding the EBH whether the smaller the spherulite size is, the higher 
the impact strength. 
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1.3.2 Thermal Properties: 
Amorphous PLA has the lowest thermal resistance, with heat deflection temperature (HDT) of ca. 
50 °C and Vicat penetration temperature of ca. 60 °C [19a]. After annealing, the HDT increased 
slightly to 66 °C, while Vicat penetration temperature increased substantially to 165 °C [19a]. This 
indicates that Vicat penetration is much more sensitive to crystallinity than HDT. Tang et al. 
observed increased HDT with increasing crystallinity and pointed out that the crystallinity threshold 
for enhancing HDT for PLA was between 20–25% [19b]. The majority of reports show that 
crystallization can enhance the modulus, strength and heat resistance of PLA, but usually at the 
expense of the ductility. This is in agreement with the well-established framework of structure–
property relationships in crystalline polymers. 
 
1.3.3 Barrier Property: 
Barrier property is critical for polymer application in packaging and separation industry. It is 
characterized by the permeability (P), which is a product of a kinetic parameter, the diffusivity (D), 
and a thermodynamic parameter, the solubility (S): 
 
 
 
In glassy polymers, the solubility S is scaled with the specific volume [21]. The diffusivity D is 
related to the accessible conformational changes and segmental motion of polymer chains. 
Following the hypothesis of Michaels and Bixler, [22] crystalline phase is considered to be 
impenetrable for gas molecules. The gas transport is therefore limited in the amorphous phase 
through a tortuous path. If the path is prolonged, the permeation can be delayed by a decrease of D. 
Furthermore, the formation of crystalline structures decreases the amount of amorphous phase 
which is available for gas molecules sorption. Hence, it is expected that both D and S would 
decrease upon crystallinity increase. Although this is true for poly(ethylene), [22a] many other 
polymers with higher chain rigidity such as PET, PET copolymers, poly(styrene) (PS), poly(amide) 
(PA) and poly(ethylene naphthalate) (PEN) do not follow this rule [21, 22]. Instead of being 
constant, the density of amorphous phase decreases with crystallinity. This explains the 
unexpectedly high gas solubility of crystalline PET, PET copolymer and PEN [21]. The carbon 
dioxide (CO2) and oxygen (O2) permeability of PLA is lower than PS and comparable to PET [23]. 
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Although PLA is a polar material, its water vapor (H2O) permeability does not vary significantly 
with relative humidity [24]. Cocca et al. pointed out that the α’-form with less ordered chain 
packing, leaded to higher gas permeability than the α-form [17]. Guinault et al. also noticed that 
PLA containing α’-crystal was more permeable for O2 than PLA containing α-crystal [22]. 
However, minor effect of crystalline form (α’ and α) was observed on helium (He) and O2 
permeability as reported by Courgneau et al [25]. With regard to crystallinity, Tsuji et al. reported 
that the H2O transmission rate of PLA decreased monotonically with increasing crystallinity from 0 
to 20%, and leveled off when crystallinity exceeded 30% [26]. Drieskens et al. [27] found that 
crystallization of PLA caused a decrease of the O2 permeability, but not in linear proportion with 
the decrease in amorphous volume. On the other hand, Colomines et al. [28] reported that 
crystallinity had no effect on the O2 barrier property of PLA. Drieskens et al. [27] measured the S 
and D of O2 in PLA. D was found to have a maximum ten-fold decrease after annealing at 100 or 
125 °C. S of O2 in PLA showed an unexpected increase with crystallinity. On the other hand, an 
increase of D and decrease of S of O2 upon crystallization of PLA was reported by Guinault et al 
[22]. Both of them adopted the same concept of rigid amorphous phase (RAF) to explain their quite 
opposite experiment results. Table 2. summarized the sample composition, preparation method and 
barrier property of PLA, in which contradictory results with regard to the effect of crystallization 
can be seen. It seems that crystallinity is not the only factor that determines barrier properties of 
PLA. On the basis of the results of the characterization of samples treated by drawing, Delpouve et 
al. pointed out that the crystalline and amorphous organization played a more important role than 
crystallinity in controlling the H2O barrier property of PLA material [29]. 
 
Table 2 Effect of crystallinity ( Xc ) on the barrier property of PLA materials. 
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 Secondly, crystallinity was controlled by annealing in most studies. However, very few of them 
considered the degradation after hours of thermal treatment. Another noteworthy reason is the 
insufficient structure characterization. Fox example, crystallinity was measured by DSC [19, 20, 22, 
25–29]. However, as PLA may undergo cold crystallization or crystal transition during heating, 
DSC results can be misleading. 
In chapter 2 the effect of composition of a plasticizer and nucleating agent was explored by the 
DOE techniques and interesting composition effects were evidenced. In particular the highest 
crystallinity in injection molding was developed at intermediate concentration of nucleating agent 
and at very low or high content of plasticizer. In this chapter the synergistic effect of a plasticizer 
and LAK is investigate by using a different plasticizer and focusing not only on tensile properties 
but also on impact properties. The plasticizer is a commercial product consisting of the polyester of 
adipic acid with 1,3-butanediol, 1,2-propanediol and 2-ethyl-1-hexanol. It is a polyester but, with 
respect to OLA8 (consisting in oligomeric poly(lactic acid)), in this plasticizer the polyester 
structure is different from the structure of the host polymer. 
Thus, in this work, GLYPLAST® 206 3NL is introduced into PLA with the aim to improve the 
mobility of PLA chain segments. Meanwhile, LAK is chosen as the nucleating agent due to its great 
heterogeneous nucleation and reinforcing effect for polymers. The synergistic effects of both 
additives on the non-isothermal crystallization behavior of PLA and mechanical behavior are 
explored. 
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2. EXPERIMENTAL PROCEDURE 
2.1 Materials: 
- Poly(lactic acid) 2003D (figure. 1): 
o  Glass transition temperature Tg =55-58˚C 
o Melting point temperature = 170˚C 
o Average molecular weight 200,000 g/mol 
o Nature Works LLC., USA 
- LAK301: 
o Potassium3,5-bis(methoxycarbonyl)benzenesulfonate (Dimethyl 5-sulfoisophthalate, 
potassium salt) 
o Chemical formula : C10H9KO7S (figure. 2) 
o Density 1.00 g/cm3  
o Molecular Weight: 312.33756 g/mole 
o CAS Registry Number:   51541-97-0 
o Platelet shape (figure. 3) 
o This product provides higher crystallinity for PLA resin at lower loading amounts 
compared with a typical talc. 
o Adopted as a key component in Ingeo(TM) 3801X (NatureWorks, PLA resin) 
formulation 
o Takemoto oil and fat Co. Ltd. 
 
 
                                                                      Figure 3. SEM micrograph of the LAK301 (M 300) 
 
 
Figure 1. Poly(lactic acid) in granules 
Figure 2.  LAK301 Chemical structure 
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- GLYPLAST®206/3 NL : 
o Polyester of adipic acid with 1,3-butanediol, 1,2-propanediol and 2-ethyl-1-hexanol 
o Density of 1,07 (g/cm3 at 25 ºC) 
o Easily handled and processed 
o Highly biodegradable and listed in the EU 10/2011 and FDA food contact lists. 
o Condensia Qumicia S.A (Spain). 
 
2.2 Preparation of PLA based compounds 
Firstly, the pellets of poly(lactic acid) and powder of LAK301 were dried at 65°C under vacuum (1 
mm Hg), two days before the use. Secondly, the binary and ternary systems, which are shown in 
table 3. were prepared by COMAC "HIGH-VOLUME" EXTRUDER mod. EBC 25HT/44D High 
Torque (D/d ratio ≈ 1.65, Screw number of lobes: 2, Numbers of Heating zone: 11, Output: 20 kg/h, 
Italy) (figure. 4a). The blends were extruded through a multi holes die (3mm), and then the extruded 
strands were fed into a granulator to be converted to granules. The obtained granules were dried at 
65°C overnight before injection molding. Finally, an injection molding machine ALLROUNDER 
520 (figure. 4b) was employed to prepare specimens of the EN ISO 3167 dog-bone and ISO 179 
from the extruded granules to make the tensile and impact tests. The injection molding temperature 
and cooling time are 120°C and 240s, respectively. The obtained products were immediately packed 
in plastic bags for vacuum sealing to prevent water absorption. The compositions of the prepared 
compounds are reported in table 3. Binary compounds were prepared containing PLA and LAK301 
in composition between 1 and 5 % wt. Ternary compounds were prepared by keeping constant at 
15% the content of plasticizer and by increasing the content of LAK301 from 1 to 5 % wt. A high 
content of plasticizer was selected by keeping into account the results obtained in chapter 2 about 
crystallization. 
Table 3: The details of produced PLA matrix composites  
PLA (wt %) LAK301 (wt %) 206 3NL (wt %) 
100  0  0  
99  1  0  
97  3  0  
95  5  0  
85  0  15  
84.1  1  14.9  
82.4  3  14.6  
80.7  5  14.3  
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Figure 4a. COMAC "HIGH-VOLUME" EXTRUDER mod. EBC 25HT/44D 
 
Figure 4b. Injection molding machine ALLROUNDER 520 
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That true to mention that PLA degrades during thermal processing or under hydrolytic conditions; 
this causes a reduction in the molecular weight that affects the final properties of the material, such 
as its mechanical strength [30-34]. Water absorbed during aging at low temperatures [less than the 
glass-transition temperature (Tg)] act as an effective plasticizer, increasing the molecular mobility 
of PLA, which facilitates the aggregation of PLA chains and results in faster nucleation and 
crystallization of the PLA molecules.10,11 At high temperatures (>Tg), the absorbed water causes 
hydrolysis of the ester bonds, preferentially in the amorphous phase and converts long polymer 
chains into shorter ones, including oligomers and monomers.  
Therefore, for prevent of ageing, all produced samples were packed in vacuum plastics far from of 
environmental conditions, such as humidity, pressure, UV radiation, temperature and all mechanical 
test carried out during 30days in order to prevent of aging time. Although, some tests repeated after 
6months and it well found the minimum effect of physical aging.  
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3. CHARACTERIZATION 
3.1 Mechanical Properties: 
Tensile tests were performed at room temperature, with a cross head speed of 10 mm/min, by means 
of an Instron 5500R universal testing machine (Canton MA, USA) which was equipped with a 10 
kN load cell and was interfaced with a computer running the test works Merlin series 9 version 4.42 
software. Notched Charpy test was performed at room temperature according to ISO179 using 
CEAST machine (mod. CEAST9050). At least five samples of each composition were tested and 
the average values were reported. 
 
3.2 Microscopic Evaluations:  
Scanning electron microscope (SEM, JEOL mod. JSM 5600 instrument operating at 15 kV) was 
used to observe the morphology of the fractured surfaces. All samples were coated with gold to 
make them conductive prior to SEM observation.  
 
3.3 Thermal properties: 
Thermal analysis was performed in nitrogen atmosphere with differential scanning calorimeter 
(mod. TAQ200, USA) on sample 7±0.3 mg. As shown in figure. 5, the samples were heated from    
-100 to 200°C at a rate of 10°C/min (first heating) and held for 2 minutes at 200°C. Subsequently, 
the samples were cooled down to -100°C at a rate of 20°C/min and heated again to 200°C through a 
constant heating rate of 10°C/min. The Tg was measured at inflection point of the change in heat 
capacity versus temperature on the first and second scan between 25 and 200°C. 
 
Figure 5 Procedure of thermal analysis by DSC 
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The degree of crystallinity (%Xc) of PLA was calculated using the following equation 3: 
 
Where  is the melting enthalpy (J/g) of the sample,  is the melting enthalpy of the 100% 
crystalline PLA (93.7 J/g). 
 
3.4 X-Ray diffraction test (WAXD): 
The crystal structures of poly(lactic acid) and its compositions were performed on Philips PW 1050 
(XRD) (λ=1.5418 Å, Voltage= 40 kV). The XRD measurements were operated from 5 to 65° at a 
scan rate of 1°/min. 
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4. RESULTS AND DISCUSSION  
4.1 Non-Isothermal Crystallization Study: 
The non-isothermal DSC crystallization behavior was studied for PLA in the binary and ternary 
systems with LAK301 as a nucleating agent and 206 NL as a plasticizer. 
The DSC traces of pure PLA, binary and ternary systems for both heating round are shown in 
figures 6-12 and summarized in table 4. 
 
Table 4 Summarized results of DSC in both Rounds 
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Figure 6. DSC curves in both rounds for PLA               Figure 7. DSC curves in both rounds for PLA 1%LAK 
 
Figure 8. DSC curves in both rounds for PLA 3%LAK      Figure 9. DSC curves in both rounds for PLA 5%LAK 
 
Figure 10. DSC curves in both rounds for PLA 1%LAK-206 3NL   Figure 11. DSC curves in both rounds for PLA 
3%LAK-206 3NL 
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Figure 12. DSC curves in both rounds for PLA 5%LAK-206 3NL 
 
It is obvious that both pure PLA and PLA compounds show the typical thermal transition peaks 
during the heating process: the glass transition temperature peak (Tg), cold crystallization peak (Tcc) 
and the two overlapped melting peaks (Tm1 and Tm2). In the following the different transitions are 
discussed. 
 
4.1.1 Glass transition temperature (Tg) 
In an attempt to optimize processing, to establish the correct value of the mold temperature and the 
cycle time to obtain the crystallization of the polymer is a big challenge. In general, the 
plasticization of PLA, which leads to lower Tg, is applied in practical processing technology to 
solve this problem. Therefore, the addition of the plasticizer 206 3NL to PLA composites was 
investigated. It should be pointed out that the presence of plasticizer caused the reduction in Tg, and 
thus enabled crystallization to start at a colder crystallization temperature upon heating and make 
easier segmental mobility of the PLA chains to form ordered structures [35]. In fact, the value of Tg 
in pure PLA shifts from 60.18 °C to 40.10 °C in PLA/206 3NL (first heating) and from 59.41 °C to 
30.27 in PLA/206 3NL/5% LAK as shown in figure. 13. These results confirmed the synergistic 
effect between nucleating agent and plasticizer as reported in the literature [46-48]. 
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Figure 13. Dependence of Tg on nucleating agent and plasticizer content in both heating round in DSC 
The Tg values were similar in first and second heating in binary compounds. It means that the 
addition of the nucleating agent did not influence the glass transition. On the other hand in ternary 
blends the glass transition in first and second heating were different, and the difference increased by 
increasing the LAK301 content in the compound. If the cooling was rapid (first heating in DSC 
thermogram, carried out on material resulting from injection moulding) the glass transition 
increased as a function of LAK301 content, in agreement with the higher crystallinity developed in 
the presence of this additive, leading to an increased rigidity of the amorphous structure. In the 
second heating, after the controlled cooling, the glass transition decreased by increasing the 
LAK301 content, despite of the crystallinity content was higher in this case. This effect can be 
explained considering that, from the DSC thermograms of second heating (figures 6-12), the 
crystallinity developed during the slower cooling is more characterized by the presence of α’ 
crystals, which is reported to be less rigid and ordered than the α one [17, 22]. 
 
4.1.2 Cold Crystallization temperature (Tcc):  
The DSC traces of PLA compounds (figures 6-12), show a much smaller cold crystallization peak 
or even no cold crystallization peak in ternary compounds during both the heating processes, which 
indicated that the PLA matrix has already crystallized via the  cooling from the molten state in the 
mold. The selected conditions of injection moulding thus granted the complete crystallization of 
PLA. Furthermore, the PLA/LAK/206 3NL samples approached full crystallization also during the 
cooling process with a speed of 20°C/min, while PLA/LAK only achieved partial crystallization of 
Chapter 3: Tailoring properties of plasticized PLA containing nucleating agent 
 
 72 
PLA. This can be explained by the fact that the plasticizer increased the mobility of the 
macromolecules, thus favoring the spatial reorganization necessary for the crystallization of PLA.  
 
4.1.3 Crystallinity percentage:  
As mentioned before, the crystallization behavior of PLA is promoted by the addition of both 
nucleating agent and plasticizer. Moreover, the processing technology is simplified by the addition 
of the plasticizer, as the cycle time is shortened. Additionally, thanks to the increased crystallinity 
the material has good thermal stability and can offset the drawbacks of plasticized PLA composites.  
From table 4., it is evident that the most interesting results are obtained by addition of plasticizer 
and nucleating agent. In fact, the maximum crystallinity is related to PLA/206 3NL/LAK 3% 
(32.30%) in first heating as shown in figure. 14.  
 
Figure 14. Dependence of Crystallinity on nucleating agent and plasticizer content in both heating round 
 
In figure. 14 it is possible to observe that the crystallinity of the binary compounds determined in 
the both heating rounds increased almost linearly by increasing the content of LAK. Also, the 
crystallinity developed in the ternary that confirmed the synergistic effect between nucleating agent 
and plasticizer as reported in the literature [46-48].  
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4.1.4 Correlation between Crystallinity percentage and Glass transition temperature:  
It worth to mention that increasing the degree of crystallinity is accompanied by an increase in the 
glass transition. This is due to the effect of crystallinity reducing the mobility of the amorphous 
phase, with the amorphous chains in closer proximity to the crystal surface experiencing a greater 
degree of confinement [43, 59, 60]. Therefore, with an increasing degree of crystallinity more 
chains are constrained to a greater degree at the crystal/ amorphous phase interface and require 
higher temperatures in order to mobilize, resulting in the increased breadth of the transition. 
Furthermore, it should be pointed out that the presence of plasticizer causes the reduction in Tg, and 
enables crystallization to start at an earlier cold crystallization temperature upon heating and make 
easier segmental mobility of the PLA chains to form an uniform structure. Therefore, the synergistic 
effect was observed in the ternary systems where LAK acted as the nucleation agent and 203 3NL 
was the effective plasticizer in PLA matrix. So, the combination of both additives increased 
crystallinity and drop down Tg simultaneously (figure. 15). 
 
 
Figure 15. Correlation between Tg and Crystallinity versus compositions content 
 
4.1.5 Melting behavior: 
The multiple melting peaks (Tm) or the presence of shoulders on DSC curves (figure. 15), are 
usually ascribed to the melting of crystalline regions of various size and perfection formed during 
cooling and crystallization processes [50-54]. In fact, the influence of additional factors may further 
affect the melting of PLA (different crystalline structures, presence of fractions of low molecular 
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weight polymer chains, the effect of thermo-mechanical processing, etc.) [55]. In general, the first 
melting peak (Tm1) could be correspondent to the melting of thinner crystals formed during cold 
crystallization (α’) and the second peak (Tm2) could be considered as re-crystallization process to 
form more stable crystals (α). 
 
 
Figure 15 DSC analyses of samples in first (A) and second (B) heating in DSC 
 
4.2 X-Ray diffraction test (WAXD): 
Crystallization of the quiescent melt at temperatures higher than about 140 °C leads to formation of 
𝛼-crystals in which helical chain segments are aligned in an orthorhombic unit cell [53–55]. At 
temperatures lower than about 100 °C, formation of conformational disordered 𝛼’-crystals is 
observed [56–60]. In the intermediate crystallization-temperature range of 100–140 °C, both crystal 
PLA / 206 3NL 15% / LAK301 5% 
PLA / 206 3NL 15% / LAK301 3% 
PLA / 206 3NL 15% / LAK301 1% 
PLA / 206 3NL 15%  
PLA / LAK301 5% 
PLA / LAK301 3% 
PLA / LAK301 1% 
PLA  
PLA / 206 3NL 15% / LAK301 5% 
PLA / 206 3NL 15% / LAK301 3% 
PLA / 206 3NL 15% / LAK301 1% 
PLA / 206 3NL 15%  
PLA / LAK301 5% 
PLA / LAK301 3% 
PLA / LAK301 1% 
PLA  
A 
B 
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modifications grow [65, 67-68]. The 𝛼’-phase is meta-stable below 150 °C, and approximately at 
this temperature it converts irreversibly into 𝛼-crystals on heating at rates which are typically 
applied in conventional differential scanning calorimetry (DSC) [58,59,61]. 
The effect of nucleating agent and plasticizer amount on the crystal structure of poly(lactic acid) 
was measured by Wide-Angle X-ray diffraction (WAXD). The figure. 16 shows WAXD pattern of 
poly(lactic acid) and its compositions.  
First, three strong diffraction peaks at 2θ= 16.7, 19.1 and 22.4° which correspond to the 
(200)/(110), (203), and (015) reflections show the characteristics of the 𝛼-crystal inside poly(lactic 
acid) compositions [61]. Furthermore, the characteristic diffraction of the 𝛼’-crystals were detected 
at 2θ=5.3, 26.5° (instead of pure poly(lactic acid)) [56-59] and were attributed to the presence of 
nucleating agent and/or plasticizer. This result is in agreement with literature studies [56-61], that 
supposed the small exothermic peak in the DSC curve detected just prior to the melting peak is 
concerned to 𝛼’-form as supported by WAXD profiles. Therefore, the result indicated two different 
crystal structures of poly(lactic acid) (𝛼- and 𝛼’-crystal) with the 𝛼’-crystal (irregular) form at lower 
crystallization temperature and 𝛼-crystal (regular) form at high crystallization temperature in 
accordance with two endothermic (Tm1 and Tm2) peaks are present in DSC curves which will 
discussed in final chapter. 
 
 Figure 16. WAXD patterns of PLA and its compositions 
PLA / 206 3NL 15% / LAK301 5% 
 
PLA / 206 3NL 15% / LAK301 3% 
PLA / 206 3NL 15% / LAK301 1% 
PLA / 206 3NL 15%  
PLA / LAK301 5% 
 
PLA / LAK301 3% 
PLA / LAK301 1% 
PLA  
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By integrating the DSC and WAXD results it can be concluded that in all the samples, with the 
exception of PLA/2063NL 15%, the coexistence of  and ’ crystalline structure can be observed; 
In the PLA/2063NL 15% plasticized sample the peaks typical of the ’ form cannot be revealed in 
the WAXD pattern suggesting that in the presence of the plasticizer the high mobility allows the 
organization of the PLA macromolecular chains in the more regular  structure. 
 
4.3 Mechanical Properties: 
4.3.1 Tensile: 
Figure 17 shows the stress-strain representative curves of PLA compounds where all curves appear 
to follow an almost ideal elastic-plastic behavior and strongly dependent on plasticizer and/or 
nucleating agent content.  
 
 
Figure 17. Stress-strain curves of PLA and its composites  
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The results of tensile test of PLA and its composites including the Young’s modulus, Tensile 
strength, Stress at break and Elongation at break are summarized in table 5.  
Table 5. Tensile test results for PLA compositions 
  E (GPa) σy (MPa) σb (MPa) εb (%) 
PLA 3.3± 0.16 57.99± 0.50 57.99± 0.50 2.01± 0.47 
PLA+1% LAK 5.2± 0.24 53.99± 0.23 51.38± 0.21 2.07± 0.33 
PLA+3% LAK 4.1± 0.12 55.24± 1.19 49.70±0.14 4.8± 0.11 
PLA+5% LAK 3.0± 0.33 45.29± 0.92 42.81± 0.74 2.9± 0.12 
PLA+15 % 206 3NL 0.16± 0.69 8.36± 1.72 12.61± 0.85 285± 4.70 
PLA+14.9% 206 3NL+1% LAK 1.3± 0.25 22.21± 0.36 19.27± 0.85 8.38± 0.50 
PLA+14.6% 206 3NL+3% LAK 1.3± 0.71 25.91± 0.87 23.16± 0.87 17.92± 1.30 
PLA+4.3% 206 3NL+5% LAK 1.6± 0.49 24.26± 0.15 23.93± 0.33 3.37± 0.23 
 
Figures 18 and 19 show the dependence of Young’s Modulus and Tensile Strength on nucleating 
agent content with and without plasticizer, respectively. Indeed, all plasticized samples showed a 
drastic decrease in Young’s modulus and stress at yield with respect to not plasticized samples. For 
example the values of Young’s modulus and stress at yield  even reduced from 3.3 GPa and 57.99 
MPa (pure PLA) to 0.16 GPa and 8.36 MPa when 15 wt% of plasticizer (206 3NL) was added to it. 
These phenomena could be correlated to the role of plasticizer in polymer which facilitated polymer 
chain mobility and explained by considering the loss of entanglement density caused by the 
presence of the plasticizer [36, 41-49]. 
 
 
Figure 19. Dependence of yield stress of 
PLA matrix composites on the LAK301 
content as a function of plasticizer 
Figure 18. Dependence of Young’s modulus 
of PLA matrix composites on the LAK301 
content as a function of plasticizer 
Chapter 3: Tailoring properties of plasticized PLA containing nucleating agent 
 
 78 
The increasing of the Young’s modulus observed in binary system (PLA/LAK301) when 1% of 
LAK301 is added can be explained due to higher stiffness and strength of LAK301 rather than the 
matrix. However the Modulus seems to decrease as a function of LAK content. This result can be 
explained by considering that two different crystalline forms are developed and the ’ structure has 
a lower modulus than the  one [63-66]. By considering the DSC trend (first heating) the height of 
the ’ peak seems to increase by increasing the LAK content. So the increase of the ’ crystal 
content with respect to  can be reasonably hypothesized in this samples. In the plasticized system 
 crystal are preferentially formed (figure. 15). Also, it is worth noting that LAK301 plays an 
important role as a stress concentration point. With an increase in strain, these are the sites where 
first the material fails due to interface debonding. Consequently, when stress increases the voids 
aligns in series to make voids coalescence and the system leads to failure [62-66]. Some support for 
this hypothesis were obtained via SEM analyses of fracture surface of ternary compounds including    
3 wt% of nucleating agent compared to the pure PLA as shown in figure. 20. As seen in figure. 20-
a, the nucleating particles dispersed into the matrix properly. Figures. 20-b and 20-c compare the 
fracture mechanism between pure PLA and ternary compounds including 3 wt% of nucleating 
agent. The large and deep cracks (facet layers) on the fracture surface of pure PLA indicated a 
brittle structure while in ternary compounds, shows the sequence of fracture mechanism, including 
debonding, void formation and void coalescence that indicated ductile structure. The nucleating 
particles (LAK301) induced some micro cracks around them which limited shear yielding in the 
matrix and subsequently provide higher Young modulus. The results showed that a suitable content 
of nucleating agent (LAK301) should be 1-3 wt% (in absence of the plasticizer agent) but additional 
increase in the amount of nucleating agent (LAK301) did not improve the mechanical modulus any 
more. By looking at in more details on the achieved results one may conclude that 206 3NL plays 
an important plasticizing effect. This effect is arising from the compatibility between plasticizer 
(206 3NL) and matrix, as they both consist of aliphatic polyesters, which enhances the chain 
mobility.  
Chapter 3: Tailoring properties of plasticized PLA containing nucleating agent 
 
 79 
 
A) Dispersion of second phase LAK inside matrix (PLA/206 3NL/ LAK301 3wt %) 
 
B) Fracture mechanism in pure PLA 
 
C) Fracture mechanism in PLA/206 3NL/ LAK301 3wt% 
Figure 20. SEM micrographs  
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Another proof of plasticizing effect of (206 3NL) is related to elongation at break of plasticized 
samples rather to non-plasticized as shown in figure. 21, whether the maximum elongation 
measured as 285% in PLA/206 3NL. 
 
Figure 21. Dependence of elongation at break of PLA matrix composite on the LAK301 content 
as a function of plasticizer 
 
The SEM micrograph shown in figure. 22, confirm the ductile behavior of the binary PLA/206 3NL 
compound. In fact a fibrous structure is formed on the fracture surface.      
 
Figure 22. SEM micrographs of the fracture morphology of binary PLA/206 3NL with ductile behavior  
4.3.2 Impact: 
Inherently, PLA is a well-known brittle polymer with low impact strength therefore; blending with 
toughening material can be helpful to improve such behavior [67].Table 6. and figure. 23 present 
the results of the notched charpy impact test for PLA and LAK301/206 3NL composites. 
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Table 6. Results of notched Charpy impact test 
 
Impact Strength 
(kJ/mm2) 
PLA 3.5± 0.30 
PLA-1% LAK 2.91± 0.22 
PLA-3% LAK 2.91±  0.31 
PLA-5% LAK 3.06± 0.18 
PLA-15% NL 2.83± 0.47 
PLA-14.9% NL-1% LAK 3.6± 0.78 
PLA-14.6% NL-3% LAK 3.45± 0.61 
PLA-14.3% NL-5% LAK 2.49± 0.71 
 
 
Figure 23 Dependence of impact strength of PLA matrix composite on the LAK301 content and as a function of 
plasticizer 
 
As results show, in the binary system the impact strength of compositions show lower values than 
neat PLA. The decrease in impact strength may be attributed to the presence of LAK301 particles 
acting as stress concentrators thus resulting in poor impact resistance. On the contrary the addition 
of the plasticizer usually facilitates chain mobility of the polymer blend then increasing its energy 
absorption capacity during the propagation of the fracture [67-69]. Therefore additional plasticizer 
could cover come to negative effect of presents 1-3% LAK301 at impact strength. The result could 
be confirmed by SEM analysis as shown in figure. 24. 
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Figure 24 SEM micrographs of the impact surface of PLA (a) and PLA/206 3NL (b) both containing 1% of LAK 
 
From the fracture surface, it can be seen the brittle nature of binary compound including 1 wt% of 
LAK301 (figure. 24A) and the ductile one when the plasticizer (206 3NL) was added (24B), thanks 
to the presence in the latter of a fibrous structure. For correlating the impact properties to the 
thermal properties an attempt to evaluate the contribution of crystallinity content and of relative 
content of  and ’ crystalline forms to impact properties was carried out (table 7.). It was noticed 
that in the binary systems there was the presence of both  and ’ forms, with the latter 
contributing much to the melting peak area. In another means the contributions of α’-form increased 
rather to pure PLA. In this compound by increasing the content of crystallinity a decrease of Charpy 
Impact Strength was noticed.  
 
Table 7. Correlation between Impact Strength and Thermal data (Run I) 
 
Impact Strength 
(KJ/mm2) 
Crystallinity % 
(first heating) 
Crystalline forms 
(main, secondary) 
PLA 3.5± 0.30 5.7 ’
PLA-1% LAK 2.91± 0.22 7.6 ’
PLA-3% LAK 2.91±  0.31 17.3 ’
PLA-5% LAK 3.06± 0.18 11.5 ’
PLA-15% NL 2.83± 0.47 16.96 
PLA-14.9% NL-1% LAK 3.6± 0.78 31.7 
PLA-14.6% NL-3% LAK 3.45± 0.61 32.3 
PLA-14.3% NL-5% LAK 2.49± 0.71 30.8 ’
 
On the contrary in plasticized blends the presence of an increased crystallinity with  form being 
the main one leads to an improvement of Charpy Impact Strength, with the exception of the 
compound containing 5%wt of LAK. In fact, in the latter, the presence of a relevant fraction of ’ 
form is present. Therefore, the presence of both the crystalline forms (evident in the doubled 
A B 
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melting peak in the DSC thermo-gram) seems detrimental for improving impact properties. The 
lower Charpy impact strength of the plasticized PLA without LAK301 with respect to pure PLA is 
difficult to explain, as the presence of a plasticizer should make less brittle the sample. However, in 
the absence of LAK301 it is possible that the dimensions of the  crystals are particularly high, thus 
they can probably behave as stress concentrators and favoring a brittle behavior of the compound. 
In the presence of LAK the heterogeneous nucleation mechanism can induce the formation of 
numerous and small mainly  crystals that seem to slightly toughen the material.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3: Tailoring properties of plasticized PLA containing nucleating agent 
 
 84 
 
5. Conclusions: 
 
The Thermal and mechanical properties and morphology of PLA composites based on LAK301, 
plasticized with a 206 3NL were investigated. 
The heterogeneous nucleation was favored by adding LAK301 aryl sulfonate. LAK301 acted as 
nucleating agents for PLA, as confirmed by the DSC measurements that confirmed the enhanced 
PLA crystallization. On the other hand the DSC measurements confirmed that 206 3NL acted as 
plasticizer to reduce the glass transition temperature and improved the PLA chain mobility. 
Furthermore, the compatibility between LAK301 and 206 3NL caused a synergistic effect in 
thermal properties and the crystallinity was increased up to more than 30% for ternary systems in 
respect to pure PLA, showing a crystallinity of 5.7%. 
 The mechanical performance of PLA composites was discussed for both the binary and ternary 
composites too. Values of tensile strength and Young’s modulus decreased with increasing the 
plasticizer content. The presence of 206 3NL not only improved processability but also increased 
values of elongation at break in the materials produced. Also, the impact strength was modified in 
presence of 1-3% LAK and plasticizer. The integration of the Impact and DSC results allowed to 
hypothesize that the presence of α and α’ forms was detrimental for improving impact properties. 
On the contrary the increase of crystallinity seemed to lead to slightly toughened PLA compounds 
when the α form was present. These conditions were achieved when the compound contained 15% 
wt of 206 3NL plasticizer, probably the increased mobility of the system allowed a better spatial 
and ordered organization in crystals.  
On the whole the methods of extrusion and injection moulding investigated in the present chapter 
represented a good compromise between the necessity of a processing compatible with traditional 
industrial procedures and mechanical properties improved in terms of Impact properties for the 
composites obtained for the systems where PLA is plasticized with 1-3 wt% LAK.  
By considering the remarkable increasing in modulus and crystallinity, the present results can 
suggest methods for PLA utilization in durable applications and a new approach to significant 
improvements in the processing and performances of PLA products. 
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Chapter 4 
A model to predict the tensile modulus of plasticized poly(lactic acid) (PLA) 
containing nucleating agent  
 
1.Introduction 
In the recent years, much interest has been involved to polymer composites, mainly due to the 
significant enhancement of mechanical, thermal and barrier properties at a very low content of 
fillers. [1-7]. The observed improvements are commonly achieved by the large aspect ratio and high 
specific surface area of particles together with the best dispersed structure of particles. Many 
researchers have manipulated the different factors to achieve the best performances of polymer 
composites. One strategy is the application of two different nanofillers to use the advantages of both 
nanofillers simultaneously. It was shown that the different characteristics of nanofillers can 
introduce some unexpected improvements in the polymer nanocomposites such as tensile properties 
[8-13]. The tensile modulus and strength of composites can be correlated with the work of adhesion 
between the particles and matrix [14-16]. B. Pukánszky,  proposed a model to analysis the Influence 
of interface interaction on the ultimate tensile properties of polymer composites and then the results 
proved that interface interactions influence on  ultimate tensile properties and that the assumption of 
interphase formation is reasonable[17]. When a small amount of particles can increase the modulus 
of polymer composites, it should be considered that whether the two-phase models are still valid to 
estimate the mechanical properties of polymer nanocomposites. Moreover, it was shown that the 
smaller particles at the same volume fraction of the dispersed phase cause shorter distances with 
their neighborhood which significantly enhance the mechanical properties of composites [18]. As a 
result, it is expected that the polymer chains in contact with the solid particles have different 
behavior from those in the bulk matrix, due to differences on the mechanical displacement resulted 
from elongation or strain. This means that the layer formed between the rigid dispersed phase and 
the polymer matrix would have different mechanical responses both from matrix and dispersed 
phase [18,19]. From a modeling point of view, the Young's modulus and yield strength of polymer 
composites have been calculated using two-phase models such as Takayanagi, Mori-Tanaka and 
Halpin-Tsai, etc. [20,21]. Unfortunately, it was reported that these models cannot accurately predict 
the modulus of polymer nanocomposites, since is limited to the small strain elasticity and cannot 
predict a stress-strain curve in the non-linear elastic region [22]. Furthermore, it was observed that 
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Kerner, Nielsen and Takayanagi models cannot calculate the modulus of ternary polymer 
composites. Also, although Takayanagi model for two-phase systems appears to be widely and 
successfully used to predict the tensile modulus of polymers, polymer blends and composites [17], 
the predictions of this model for ternary systems have been noticed to be much inappropriate [23]. 
May, this discrepancy can be explained by the fact that Takayanagi model neglects the effects of 
interfacial interactions on the modulus of composites. 
The aim of the present work is to evaluate the modulus of the crystalline phase by applying the 
Takayanagi model for the tensile modulus of composites to semi-crystalline biocomposites. In this 
approach, the crystalline phase is considered as a filler and the amorphous phase as the matrix of a 
filled composite. The idea is to evaluate the modulus of the crystalline phase of PLA since several 
polymorph are known for this biopolymer. In particular the α and α’ phase develop under normal 
injection moulding conditions. When dealing with polymer composites, normally the modulus of 
both the filler and the matrix are known, so the purpose of the theoretical expressions is to predict 
the modulus of the composites from the properties of the constituents. In the present case the 
modulus of the crystal phase is not known, so we try to estimate it by applying a linear regression 
analysis to the Modulus data reported in Chapter 3. In this analysis the degree of crystallinity is 
defined as the independent variable and the elastic modulus of the semicrystalline PLA as the 
dependent variable. 
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2. Takayanagi model 
 
The model proposed by Takayanagi considers the crystalline and amorphous components as distinct 
phases then connected to each other partly in series and/or partly in parallel as shown in figure. 1. 
For efficient stress transfer perpendicular to the direction of tensile stress, the series-parallel model 
(figure. 1a) in which the overall modulus is given by the contribution for the two lower components 
in parallel in series with the contribution for the upper component. Therefore, the tensile modulus of 
a semicrystalline polymer can be predicted if the modulus of the amorphous phase and the 
crystalline phase separately are known, following eq.1: 
 
 
 
Where  are defined as reported in eq.2 and 3: 
 
                    (a)                    (b) 
Figure 1. Takayanagi model for polymer composites: (a) the series-parallel model; (b) the parallel-series model 
[An introduction to the mechanical properties of solid polymers, second edition, I.M. Ward, J. Sweeney, Copyright 
©2004 John Wiley & Sons Ltd] 
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In case of two fillers,  parameters change to eq.4 and 5: 
 
 
 
Hence, Takayanagi model for predicting Modulus is given in eq.6: 
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3. Simple Linear Regression 
 
“An analysis appropriate for a quantitative outcome and a single quantitative explanatory variable.” 
In regression analysis, the variable one wish to predict is called the dependent variable. The 
variables used to make the prediction are called independent variables. In addition to predicting 
values of the dependent variable, regression analysis also allows to identify the type of 
mathematical relationship that exists between a dependent and an independent variable, to quantify 
the effect that changes in the independent variable have on the dependent variable, and to identify 
unusual observations. This chapter discusses simple linear regression, in which a single numerical 
independent variable, X, is used to predict the numerical dependent variable Y. 
The nature of the relationship between two variables can take many forms, ranging from simple to 
extremely complicated mathematical functions. The simplest relationship consists of a straight line, 
or linear relationship. An example of this relationship is shown in figure. 2. 
 
 
Figure 2. represents the straight-line (linear) model  
 
Simple linear regression model: 
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The portion Yi = β0 + β1Xi of the simple linear regression model expressed in equation.7 is a straight 
line. The slope of the line, β1, represents the expected change in Y per unit change in X. It represents 
the mean amount that Y changes (either positively or negatively) for a one-unit change in X. The Y 
intercept, β0, represents the mean value of Y when X equals 0. 
The last component of the model, εi, represents the random error in Y for each observation, i. In 
other words, εi is the vertical distance of the actual value of Yi  above or below the predicted value of 
Yi on the line. The selection of the proper mathematical model depends on the distribution of the X 
and Y values on the scatter plot. 
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4. Development of Model 
 
In this work, Microsoft Excel is used to perform the computations involved in the least-squares 
method. For the data of table 1., figure. 3 presents results from Microsoft Excel. 
 
Table 1 Microsoft excel table for calculation (α), (β) and (1-α) base on Takayanagi equations 
 
 
 
 
Figure 3 Calculated regression statistics by Microsoft Excel for determining variables 
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The linear regression analysis is performed with Excel’s LINEST, LOGEST, TREND and 
GROWTH functions. The LINEST function performs straightforward linear regression on a set data 
points. LOGEST is a variation of linear regression that fit the following equation to the data: 
 
 
The LINEST and LOGEST functions return the coefficients of the formulas. The TREND and 
GROWTH functions return the curve best fitting the data. 
In regression modeling, the structure information such as degree of crystallinity and volume fraction 
of components are considered as dependent variables. 
Considering Eq.1, the independent variables were extracted by the assumptions reported below: 
         and       
Then, the Takayanagi formula was rewritten as below: 
 
 If: 
      and       
Therefore, the final equation is:   
 
 are independent variables and they are obtained from the LINEST and LOGEST functions: 
LINEST(y-array, x-array, const, statistics)      (eq.14) 
Where y-array is a reference to the y-data points (1/E), x-array is a reference to one or more sets of 
x-data points ( , const is a logical value controlling the constant term, and statistics is a 
logical value specifying whether to return the statistical values or not. 
The calculated independent variables are listed in table 2: 
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Table 2. Independent variables for both binary and ternary systems 
Independent variables Eamorph Ecryst x  y 
Non plasticized 3.65 4.51 0.2741 0.2471 
Plasticized 0.62 -46.46 1.6222 -0.040 
 
By substituting the values of  obtained by the extrapolation procedure in Eq.2, we can compare 
experimental and the modeling results as summarized in table 3. 
Table 3. Summarized data of Experimental and Modeling 
 
Experimental 
 
Modeling 
 
PLA 0.3030 0.2706 
PLA-1% LAK 0.1923 0.2695 
PLA-3% LAK 0.2439 0.2648 
PLA-5% LAK 0.3333 0.2675 
PLA-15% 3NL 1.0752 1.0614 
PLA-14.9% 3NL-1% LAK 0.7692 0.7312 
PLA-14.6% 3NL-3% LAK 0.7692 0.6975 
PLA-14.3% 3NL-5%LAK 0.6250 0.7485 
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5. Evaluation of Model 
The validity of developed model in predicting tensile modulus was determined by comparing the 
results of modeling with the experimental (measured) results. It was observed that calculated and 
experimental modulus values have quite similar trend. Comparisons of modulus values obtained 
from modeling and from the experimental data are shown in figures 4 and 5. 
 
Figure 4. Comparison of Modeling (αy+x(1-α)) and measured tensile modulus (1/E) of non-plasticized PLA samples 
 
Perfect agreement will lie on the line drawn on the graphs. It can be clearly seen that there is a good 
the agreement between predicted values by model and the experimental measurements both for the 
Figure 5. Comparison of Modeling (αy+x(1-α)) and measured tensile modulus (1/E) of plasticized PLA samples 
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not plasticized and the plasticized samples. Although the results in figures 4 and 5 showing 
agreement between the model and measured modulus, the results appear to a have a physical 
meaning only for the non-plasticized semicrystalline PLA (table 2.). In fact, the Takayanagi model 
applies to composites with two different phases, in our case a crystalline and an amorphous phase. 
But, the highly ordered structure of most semicrystalline polymers generally cannot be simply 
described by such a two-phase model [24]. It is now recognized that the molecular mobility of some 
fraction of the amorphous phase may be restrained by the crystalline phase. This fraction is called 
the rigid amorphous fraction (RAF) and is believed to be associated with the interface between the 
crystalline and the mobile amorphous phases (MAF), with properties intermediate between these 
two [24-25]. Furthermore, it well understood (by chapter 3) that crystalline part in PLA can may 
have different structures like α and α’ with specific effects on properties. In fact, two crystal phase 
and two amorphous phases (including α, α’, RAF and MAF) may contribute to the mechanical 
properties of semicrystalline PLA. 
In the case of non-plasticized PLA the estimated modulus of the crystal, 4.51 GPa, is presumably 
the average of the moduli of the two crystal phases. Similar the calculated modulus of the 
amorphous, 3.65 GPa, although reasonable as order of magnitude, is probably the average of the 
moduli of the RAF and MAF of the biopolymer. In the case of the PLA plasticized with 206 3NL, 
the model provides a modulus of the amorphous phase of 0.62 GPa and 7.45 GPa for the crystalline 
phase, respectively. Although these values are physically reasonable, they are probably the average 
of the moduli of the two crystal and the two amorphous phases, which presumably do not differ in a 
significant way, so the use of a two phase model is still a reasonable approach. Since the Tg of the 
MAF is about 60°C, its elastic modulus is expected to be similar to that of the RAF which has 
presumably a Tg close to the melting temperature of the crystalline phase of PLA. 
For the blends of PLA plasticized with 206 3NL when LAK is added as a nucleating agent the 
model gives a negative value of the modulus of the crystal phase. This is obviously not reasonable 
from a physical point of view. A possible explanation of the failure of the model is the possible 
differential partition of the plasticizer in the two amorphous regions. Moreover, different from the 
previous case, the Tg of the RAF is below the testing temperature while the Tg of the RAF is 
presumably quite high. The idea is that the two amorphous phases could have very different 
properties with a high modulus RAF and a low modulus MAF, together with two crystalline zones. 
If this is a reasonable approximation of the experimental reality, a two phase model is clearly not 
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adequate to represent the micromechanics of the material, and more sophisticated model must be 
developed for these systems. 
In conclusion, the model shows a relatively good agreement with experimental results for the 
systems with low crystallinity or when the RAF and MAF have substantially similar properties. On 
the contrary when the RAF and MAF have significantly different properties a two phase model like 
Takayanagi, is not adequate to model the mechanical properties of semicrystalline polymers. 
In the next chapter, the RAF and MAF will be discussed in more details to clarify the role of each 
one on the properties, with particular reference to the kinetics of yielding. 
 
5.1 Extend model to Yield stress: 
In respect to correlation between mechanical properties prior to yielding stress, the modeling used 
for predicting Yield stress, particularly attended to same linear regression calculation as shown in 
table 4., too. 
Table 4. Microsoft excel table for calculation (α), (β) and (1-α) base on Takayanagi equations 
 
 
Like to the previous part, well observed that calculated and experimental Yielding stress have quite 
similar trend. Comparisons of Yield stress values obtained from modeling and from the 
experimental data are shown in figures 6 and 7. 
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Figure 6. Comparison of Modeling (αy+x(1-α)) and measured Yield stress (1/σ) of non-plasticized PLA samples 
 
Figure 7. Comparison of Modeling (αy+x(1-α)) and measured Yield stress (1/σ) of plasticized PLA samples 
 
But, same difficulty in explanation data for Yield behaviors in distinguished phases (crystalline and 
amorphous) observed (table 4.), which could correlated to quantity and quality of α, α’, RAF and 
MAF phases. Therefore the exact explanation depended to determine all factors.  
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6. Conclusion 
 
On the basis of Takayanagi model, the tensile modulus and yield points of PLA in binary and 
ternary composite can be predicted. 
In this work the authors applied this relatively simple prediction model for tensile modulus with the 
variation of crystallinity of PLA in binary and ternary systems by linear regression analysis.  
The results showed good agreement between the model predicted data and experimental 
measurements. The model was demonstrated to work also applied to data obtained with high strain 
rates.  
Semicrystalline polymers must be described by co-existence of the “mobile” or “traditional” 
amorphous phase, the crystal-amorphous transition layer (“rigid” amorphous fraction) and the 
crystalline phase. 
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A study on the influence of a nucleating agent in crystal polymorphism and 
yielding kinetics of poly(lactic acid) 
 
 
 
 
1. Introduction 
 
1.1 Enthalpy of melting of α’- and α-crystals of poly(L-lactic acid) 
Poly (L-lactic acid) (PLLA) is able to  form different ordered structures depending on 
crystallization conditions. [1]. Crystallization of the quiescent melt at temperatures higher than 
about 140 °C leads to formation of α-crystals in which helical chain segments are aligned in an 
orthorhombic unit cell [2–4]. At temperatures lower than about 100 °C, there is observed the 
formation of conformational disordered α’-crystals [5–9]., In both cases the crystal modifications 
will grow in the  In the intermediate crystallization-temperature range of 100–140 °C [5, 7, 8]. The 
α’-phase is metastable below 150 °C, and approximately at this temperature it converts irreversibly 
into α-crystals on heating at rates which are typically applied in conventional differential scanning 
calorimetry (DSC) [7,8,10]. fast scanning chip calorimetry (FSC) studies show heating faster than 
30 K s-1 permits melting of the α’-phase without prior transformation into α-crystals.  [11,12]. 
A large number of discordant thermodynamic properties of PLLA  have been reported in the 
literature . Data about the equilibrium melting temperature (Tm
0) vary from 199 to 227 °C [1], and 
for the enthalpy of melting of 100% crystalline PLLA (∆Hm°), the values range in a wide interval 
between 82 and 203 J g–1 [13–20]. A direct link of the reported values of Tm° and ∆Hm° to either the 
α’- or the α-form was not established. However, as both Tm° and ∆Hm° were calculated from 
calorimetric data obtained using conventional DSC, and since the metastable α’-modification 
converts irreversibly into the stable α-form upon heating at conventional DSC rates, It can thus be 
reasonably assumed that most of the reported values refer to the α-form. Additional complications 
may result from the presence of D-lactic acid units in commercial poly (lactic acid) (PLA) grades, 
which typically includes a minimum of 1–2% D-isomer units in the chain [1]. The presence of D-
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lactic units in the chains makes PLA a random copolymer [21], and this has often been neglected in 
the determination of the thermodynamic properties of commercial PLA. 
As reported in the literature,  the ∆Hm° values determined according to the Flory equation for the 
melting point depression of random copolymers of PLLA (93 and 106 J g-1) [13, 14] are certainly 
underestimated [22]. Also the Flory equation was modified by Baur [23] produced a too low ∆Hm° 
value (82 J g-1) [15]. On the contrary, calculating the enthalpy of melting by using  of the Flory 
equation for the dependence of the melting temperature of a homopolymer on its molar mass [22], 
reaches to much higher results (203 J g-1) [16]. 
The enthalpy of melting of 100% crystalline PLLA was determined also by extrapolation of 
experimentally observed enthalpies of melting of samples of different crystallinity, as a function of 
either the density or the heat-capacity step at the glass transition temperature [17–19]. Such 
procedures are based on the assumption of a two-phase model, namely of the co-existence of 
crystals and a single amorphous phase. The extrapolation fails and leads to erroneous values in the 
case of the presence of a rigid amorphous fraction (RAF) [24], which recently has been identified 
also in PLLA [25, 26]. The RAF is located at the interface between the crystalline and the 
amorphous regions and includes amorphous chain segments whose mobility is reduced due to their 
covalent coupling to crystals [27–29]. If the presence of RAF is not taken into account, the 
extrapolated ∆Hm° value is underestimated [24]. Therefore the reported values of 57 and 96 J g-1 of 
the enthalpy of melting of α’- and α-crystals, respectively [18], may be too low. The enthalpy of 
melting of 100% crystalline PLLA was determined also by coupling data from DSC and X-ray 
diffraction (XRD) experiments [20]. Unfortunately, information about the crystallization 
temperatures was not provided, hence the calculated enthalpy of melting of 146 J g-1 cannot be 
linked to a specific crystal modification. To complete the overview on the melting enthalpy of 
PLLA crystals reported in the literature, a difference of about 20 J g-1 between the experimental 
heat of fusion of samples crystallized at temperatures higher and lower than 130 °C and 110 °C has 
been reported [30]. At these temperatures, PLLA crystallizes mostly, but not exclusively, in α- and 
α’-modifications [5], and the measured values could refer to samples with different crystallinity. 
It is worthwhile noting that conventional melt-processing of PLLA, including injection molding, 
blow molding, or extrusion, due to the rather low temperature of solidification of the melt, likely 
leads to formation of α’-crystals whose investigation regarding the condition of formation, their 
stability, structure and properties is therefore an urgent requirement. The importance of the presence 
of α’-crystals on application-relevant properties of PLLA has been summarized in a recent review 
[9], however, information about thermodynamic properties of this crystalline modification is still 
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lacking. In order to contribute to the distinct characterization of the α’- and α-phases of PLLA, and 
in particular to shed further light on the activation process of both crystal forms, in the present work 
PLLA compositions were isothermally crystallized at mold temperatures of 85°C and 130 °C, 
which allowed preparation of semi-crystalline PLLA containing exclusively either α’- and or α-
crystals, respectively. The isothermally crystallized PLLA samples were thus analyzed regarding (i) 
the enthalpy of crystallization, using differential scanning calorimetry (DSC) and (ii) the degree of 
crystallinity, using X-ray diffraction (XRD). This information, together with the temperature 
evolution of the solid and liquid specific heat capacities of PLLA, available in the literature, 
allowed attaining the enthalpies of melting of the α’- and α-crystals as a function of temperature, as 
detailed below. The accuracy of the two derived ∆Hm0 (T) equations was verified by comparison 
with the experimental enthalpies of fusion. 
 
1.2 Mobile amorphous and rigid amorphous fractions in poly(L-lactic acid)  
The first experimental evidence that indicated the existence of an intermediate phase within semi-
crystalline polymers was presented by Menczel and Wunderlich [31]. In fact it is known that the 
decoupling between crystalline and amorphous phases is in general incomplete, due to the length of 
the polymer molecules, that are much higher than the dimensions, at least in one directions, of the 
crystalline phase, and to possible geometrical constraints. The intermediate phase is non-crystalline 
and includes amorphous portions of macromolecules whose mobility is hindered by the near 
crystalline structures. This intermediate phase is generally named “rigid amorphous fraction” (RAF) 
and its mobility being lower than that of the unconstrained amorphous phase, which is usually 
addressed as “mobile amorphous fraction” (MAF). The coupling between crystalline and 
amorphous phases as a rule produces a broadening of the glass transition to higher temperatures. In 
some polymers the presence of RAF may cause a separate glass transition [31-32], but more often 
the exact location of RAF devitrification cannot be identified directly from DSC curves, because 
associated to the continuous and progressive change of structure between solid and liquid that 
occurs during a heating scan. In effect the temperature at which the rigid amorphous fraction loses 
its solid character is still an open question: the process can be located between the Tg of the 
unconstrained amorphous phase (bulk Tg) and the melting point or occurs simultaneously with 
fusion [32-35]. In some cases the RAF was found to mobilize above the melting point [34-35]. 
Studies on the RAF formation have been performed for a limited numbers of polymers during 
quasi-isothermal crystallization by Temperature Modulated Differential Scanning calorimetry 
(TMDSC). From the measurement of the specific heat capacity at the end of the crystallization 
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process it was possible to ascertain whether the rigid amorphous phase had been established wholly 
or in part during the isothermal crystallization [Ref]. The method can be applied only to polymers 
that did not evidence reversing melting when subjected to temperature modulation, as for example 
bisphenol-A polycarbonate, poly(3-hydroxybutyrate), syndiotactic polypropylene and isotactic 
polystyrene [Ref]. Alternatively, a complete temporal evolution of the crystalline and mobile 
amorphous fractions (and, by difference, of rigid amorphous fraction) during isothermal 
crystallization can be achieved by measuring the crystalline content and the MAF content at Tg for 
different crystallization times. This second procedure is quite time-consuming, and requires that the 
polymer crystallization rate is reasonably slow, as the process has to be stopped after partial times. 
Moreover it is necessary to assume that RAF does not develop during the cooling from the 
crystallization temperature to below the glass transition, but this hypothesis cannot be acceptable for 
all polymers. Examples of this approach have been reported for isotactic polystyrene, poly(ethylene 
terephthalate) and poly(L-lactic acid) [31-36]. 
Over the past 3 decades, extensive efforts have been devoted by researchers to quantify, and 
characterize the properties of the intermediate phase. The findings all conform to the proposition 
that the conventional two phase model is not adequate to describe the behaviors of semi-crystalline 
polymers. The three phase model proposed by literature consists of crystalline fraction, rigid 
amorphous fraction (RAF), and mobile amorphous fraction (MAF), which is equivalent to the 
traditional amorphous fraction used in the two phase model.  
 
1.2.1 Formation of Rigid Amorphous Fraction 
Even though numerous studies have been performed on the rigid amorphous fraction of various 
semi-crystalline polymers, the mechanism of intermediate phase formation is still a matter of 
controversy. According to the literature, explanations for the existence of RAF can be classified 
mainly into two categories: physically induced, and transitional. The former proposes that the 
formation of RAF is due to the physical constraint imposed by neighboring crystals. Molecular 
chains extruding from crystals into the adjacent amorphous fraction (also known as loose folds) 
create coupling between the two phases. The limitation of chain mobility induced by the crystals 
forces such chains to form the intermediate phase. On the other hand, the latter claims that RAF is a 
transitional phase, through which amorphous phase must pass in the process of crystallization. As 
RAF has lower activation energy relative to crystals, the amorphous chains will densify to form 
RAF first prior to the secondary densification to form crystals. The two opposing claims are based 
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on varying glass transition temperatures of RAF. Depending on the temperature of RAF 
vitrification, different papers in the literature support their findings through either explanation [36-
39]. 
 
1.2.2 Dependence of RAF on Crystallinity 
As discussed, there is a strong correlation between the formation of RAF and crystallization. On the 
basis of the physical mechanism, several studies have been performed to examine the effect of 
various aspects of crystals on the behavior of RAF. Foremost, the most elementary observation was 
presented by Huo and Cebe [39]. The relationship between the crystallinity and the amount of RAF 
was established through DSC analysis of polyphenylene sulfide of varying crystalline content. The 
results of phase composition analysis illustrated that in the case of melt crystallized samples, with 
the increasing content of crystallinity from 0.4 to 0.5, the amount of RAF decline by 0.05. The cold 
crystallized samples exhibited a similar trend. The observation was further improved by Androsch 
and Wunderlich [36] who accounted for the effect of crystal perfection, size as well as the content 
on the formation of RAF. Cold crystallized PET samples were characterized by Temperature 
Modulated Differential Scanning Calorimetry (TMDSC). The wider range of crystallinity (from 0.0 
to 0.4) considered in the paper showed an initial growth of RAF with increasing crystallinity up to 
the maximum RAF content of 40% (23% crystallinity) followed by a gradual decline, which 
complies with the results from Huo. Incorporating the crystal perfection and size deduced from 
Wide-angle X-ray data, it is concluded that the formation of folds (polymer chains participate fully 
in the formation of crystals) increases decoupling of crystalline and amorphous phases, thereby 
reducing the amount of RAF. In other words, smaller and less perfect lamellae, which include 
higher content of loose chains, will induce higher degree of RAF formation.  
 
1.2.3 Various methods of quantifying RAF in semi-crystalline polymers 
The following section discusses various methods of quantifying RAF in semi-crystalline polymers 
based on the three-phase model. The differentiation between the phases is achieved on the basis of 
different characteristics of the phases. Generally, several methods are applied for one experiment to 
validate the results. 
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The method, first proposed by Wunderlich and Menczel, is based on the discrepancy observed at 
the glass transition temperatures of semi-crystalline polymers. The increment of heat capacity 
examined from DSC is much smaller than the theoretical estimation based on the traditional two 
phase model (as shown in figures 6-9). It is assumed that the difference is caused by the presence of 
RAF, which does not participate in the glass transition of MAF. The contents of crystallinity and 
MAF calculated by the heat of fusion and the heat capacity jump at glass transition temperature 
respectively, do not amount to 100%. In particular, the MAF weight content is thus the ratio 
between the heat capacity jump at glass transition temperature and the total heat capacity jump at 
glass transition, the latter calculated by extrapolating the baselines of both the glassy and melt 
system. Then, the remainder is determined to be the content of RAF: 
 
W𝑅𝐴𝐹=(1−W𝑐𝑟𝑦−W𝑀𝐴𝐹)×100%            (eq.1) 
 
Where WRAF is the weight of rigid amorphous fraction, Wcry is the weight fraction of crystalline part 
and WMAF is the weight of the mobile amorphous fraction. 
This technique is widely used, due to its simplicity and convenience. The majority of the studies 
associated with RAF are performed with DSC [Ref]. However, the accuracy of the method has not 
yet been proven as RAF is a relatively new concept to be further investigated. 
With the consideration of the benefits and drawbacks each technique offers, the present study 
utilizes TMDSC to characterize the phase compositions of polymer samples.  
 
W𝑐𝑟𝑦= (Δ𝐻𝑚−Δ𝐻𝑐𝑐)/Δ𝐻100×100%         (eq.2) 
 
where ΔHm is the melting enthalpy, ΔHcc the cold crystallization enthalpy, and ΔH100 the melting 
enthalpy of a 100% crystalline polymer. In a similar fashion, the weight fraction of MAF can be 
estimated by: 
 
W𝑀𝐴𝐹=Δ𝐶𝑝/Δ𝐶𝑃𝑎×100%          (eq.3) 
 
where ΔCp is the increment of heat capacity at the glass transition temperature, and ΔCpa the heat 
capacity jump of a 100% amorphous polymer.  
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Nuclear magnetic resonance (NMR) is one of the most informative techniques for the 
characterization of molecular mobility and molecular scale heterogeneity in materials [38]. NMR 
experiments with semi-crystalline polymers reveal three phases based on the large differences in the 
relaxation behaviors of the molecular chains [36-39]. The rigid phase characterized by the lowest 
mobility is assumed to be crystals, the semi-rigid phase characterized by the medium mobility is 
assumed to be RAF, and the soft phase with the highest mobility is assumed to be MAF. Efforts 
have been devoted to find the optimal experiment parameters (e.g. frequency, type of particle, etc.) 
that exhibit the largest discrepancies between the phases. 
 
1.3 Strain rate, Temperature and Crystal-structure dependent Yield stress of poly(lactic acid) 
The most affecting parameters on the tensile behavior of polymers, in particular the yielding 
behavior, are strain rate and temperature [40].  There have been a variety of phenomenological and 
molecular interpretations of the yield behavior of amorphous polymers. For metals, yield criteria 
were suggested by Tresca [40] and von Mises [41], in which yield occurs when the maximum and 
octahedral shear stress reach critical values [42]. This criteria have been applied to polymers but 
with several limitations. For example these models could not explain yielding without necking 
under pressure [43]. The local increase of temperature during the deformation process was regarded 
as the intrinsic mechanism of yield, where an equilibrium between created and transmitted heat 
during the deformation is shown by the platform of yield [42, 44]. The effect of temperature rise, 
however, could not explain the obvious upper yield occurring in very slow loading that generates no 
heat [45]. Eyring and coworkers [46, 47] in describing the creep behavior under constant applied 
stress, regarded yield as a thermally activated rate process, in which the external load causes 
molecules to flow along the direction of force and the yield stress is defined as the critical one at 
which the plastic strain rate of the molecules is equal to the applied strain rate. Eyring’s model of 
yielding predicts that temperature-normalized yield stress is a linearly increasing function of 
logarithmic strain rate with constant activation enthalpy and activation volume. Based on such a 
state transition model, the conformational change theory was proposed by Robertson [48]. He 
suggested that yield is caused by the rotation change of polymer chain from the lower energy-state 
(anti-form) to the higher energy-state (cis-form). Argon (1973) move from concept that deformation 
at a molecular level consists of the formation of a pair of molecular kinks [49]. Argon described a 
theory of yielding of polymers by thermally-activated production. According to Argon’s theory, it is 
possible to obtain the activation free enthalpy of this process by modelling the intermolecular 
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energy barrier as resulting from the stress fields of two equal and opposite closely spaced wedge 
disclination loops extending over the molecular cross section at the points of rotation of the 
molecular kinks. The theory predicts the yield stress at absolute zero to be dependent only on the 
shear modulus and the Poisson’s ratio, and is capable of describing the temperature, pressure, and 
strain rate dependences of the flow stress from absolute zero to near the glass transition 
temperature. 
 
 
Figure 1. Plastic strain increment by formation of a pair of kinks in a polymer molecule 
 
Figure 2. (a) Schematic representation of the change in free energy of a polymer resulting from the formation of a pair 
of molecular kinks separated by a distance z/a, (b) calculation of the activation free enthalpy for formation of a pair of 
molecular kinks and reversal of same. 
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Where  is the shear modulus,  the strength of the wedge disclination as shown in figure 1 and 2 
and  the Poisson’s ratio. Bowden and Raha [50] analyzed the yield sliding process employing 
some analogy of expanding dislocation loops. Besides, in free volume theory [51] molecules 
expand under stress field increasing the possibility of the movement of chain segment, which leads 
to yield. Micro-void or micro-cracks generated when the material expands was thought as another 
cause of the yield process [52]. 
The Eyring’s thermally activated rate process has been used successfully in describing the strain 
rate and temperature-dependent yield stress behavior of various polymers [53–62]. Some 
researchers utilized more than two activated rate processes to describe the yield behavior over an 
extremely wide range of strain rates and temperatures [53, 55, 58, 60–62]. The activated rate 
process has been well established and applied to amorphous isotropic polymers [56–60], but has 
also been applied to semicrystalline polymers [61, 62]. However, the effect of inhomogeneous 
crystalline-amorphous structure on yield behavior has not been closely examined. 
Yet, surprisingly, little attention has been paid to the effects of polymer microstructure produced by 
molecular orientation on strain rate and temperature-dependent yield stress behavior. 
In this study, various poly (lactic acid) (PLA) samples different in nucleating agent content (0, 1, 3, 
5 % of LAK) were used for the yield stress analysis over a range of strain rates and temperatures. 
Microstructure-dependent yield stress behavior was examined using the activation enthalpy and 
activation volume of Eyring’s model of yielding at the temperature range (-20, +20 °C) below glass 
transition temperature. A novel correlation was proposed by comparing the activation enthalpy and 
activation volume of Eyring’s model with the thermal properties (crystallinity); this study will allow 
a better insight of the yield behavior of polymers, which is typically significant when polymers are 
used for mechanically functional purposes such as load-bearing materials in industrial and 
biomechanical purposes. 
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2. Eyring theory and activation process 
 
2.1 Definition of the Eyring theory and related equations: 
Eyring [64] assumed that the deformation of a polymer was a thermally activated  process involving 
the motion of segments of chain molecules over potential barriers, and modified the standard linear 
solid so that the movement of the dashpot was governed by the activated process (figure. 3). The 
model, which now represents non-linear viscoelastic behaviour, is useful because its parameters 
include an activation energy and an activation volume that may give an indication of the underlying 
molecular mechanisms. The activated rate process may also provide a common basis for the 
discussion of creep and yield behaviour. 
 
 
Figure 3. The Eyring’s model 
 
Macroscopic deformation is assumed to be the result of basic processes that are either 
intermolecular (e.g. chain-sliding) or intramolecular (e.g. a change in the conformation of the 
chain), whose frequency  depends on the ease with which a chain segment can surmount a 
potential enthalpy energy barrier of height ∆H. In the absence of stress, dynamic equilibrium exists, 
so that an equal number of chain segments move in each direction over the potential barrier at a 
frequency given by: 
 
Chapter 5: A study on the influence of a nucleating agent in crystal polymorphism and yielding kinetics of PLA 
 
 112 
The equation above is describing the frequency of a molecular event. An applied stress  is 
assumed to produce linear shifts  of the energy barriers in a symmetrical way (figure. 3), where 
 has the dimensions of volume. The flow in the direction of the applied stress is then given by: 
 
 
 
Compared with a smaller flow in the backward direction of: 
 
 
 
The resultant flow is thus: 
 
 
 
Which can be rewritten as: 
 
 
 
2.2 Applications of the Eyring equation to yield 
Assuming, the net flow is directly related to the rate of strain. In tensile test, . Hence  is:  
 
 
From Eq.10 in assuming T1: 
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The same assumption has implication in T2: 
 
 
 
Where,  is a constant:  
 
 
 
 
Where   is constant term, therefore:  
 
Again and where  is a constant with rearrangement of Eq.7 the equation 19 is obtained: 
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This equation is quite representative of the Eyring theory because the strength at yield is related to 
both activation enthalpy and activation volume. Therefore: 
 
 
 
Which  is slope of the line (figure. 4). 
 
Figure 4. the calculation method for activation volume in Eyring’s model 
 
2.3 The Ree–Eyring theory (Ree and Eyring, 1955) 
The Ree-Eyring theory is a modification of the general Eyring theory (Eyring, 1936) for rate-
activated processes and allows for multiple rate-activated processes acting in tandem to control the 
flow of a material. When the Ree–Eyring theory is applied to polymer plasticity, it is assumed that 
these ‘‘processes’’ are related to specific degrees of freedom of the polymer chains. Thus, under the 
Ree–Eyring theory, the transition observed in the yield behavior is explained in terms of molecular-
level motions. When a particular degree of freedom of the polymer chain suddenly becomes 
restricted at low temperature and/or high strain rate, the corresponding process begins to contribute 
to the overall material deformation resistance. Roetling (1965), Bauwens et al. (1969), and 
Bauwens-Crowet et al. (1969) were the first to capture a transition in polymer yield behavior by 
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applying a two-process Ree–Eyring yield model to data obtained under quasi-static loading 
conditions over a wide range of temperatures. Therefore, the Ree-Eyring theory involving two 
activation processes. In semi-crystalline polymers, the α-process (at high temperatures and/or low 
strain rates) is thus often attributed to the crystalline phase and the β-process is related to the glass 
transition, i.e. the amorphous phase [69]. The origin of the crystalline contribution to the yield stress 
is found in the micro structural processes that control the plastic deformation of the crystalline 
phase and these processes are associated with crystallographic slip. In more recently studies, several 
semicrystalline polymers have been considered as three-phase systems [70-72]. 
In this approach, the amorphous phase is modeled as made of two distinct domains. The first one is 
named ‘‘mobile amorphous fraction’’ (MAF) and corresponds to the classical representation of 
macromolecular chains randomly arranged in space. The second one is defined as ‘‘rigid  
amorphous fraction’’ (RAF) and is associated with the interphase between the crystalline and the 
mobile amorphous phase. The RAF is characterized by a molecular mobility that is intermediate 
between that of MAF and crystalline domains. In the case of PTFE, for example, the  relaxation is 
assigned to the RAF and the  relaxation to the MAF, while the  peak is considered as being 
representative of crystalline transitions in the polymer [73]. 
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3. Experimental 
 
3.1 Materials and Processing: 
In this chapter we used a same PLLA with an average molecular weight 200,000 g/mol, purchased 
from Nature Works LLC (U.S.A.) and LAK-301 as a nucleating agent as mentioned in chapter 2 
and 3. The blends prepared according to table 1. and extrusion was carried out in a Haake Minilab. 
The molten material were transferred through a preheated cylinder to the Haake MiniJet II mini 
injection mould in the same conditions that mentioned in chapter 2, but in two different molding 
temperature 85 and 130 °C for 600 s. 
 
Table 1. Selected compositions 
SAMPLE 
CODE 
POLY (LACTIC ACID) 
 (WT %) 
LAK-301  
(WT %) 
PLA 100 0 
PLA 1%LAK 99 1 
PLA 3%LAK 97 3 
PLA 5%LAK 95 5 
 
3.2 Tensile test: 
 Tensile tests were performed using Instron 5500R universal testing machine (Canton MA, USA) 
equipped with a 10 kN load cell and interfaced with a computer running Merlin software (Instron, 
Canton MA, USA) equipped with a temperature chamber. Before starting, all samples were placed 
in temperature chamber about 30 min, in order to homogenize temperature. The yield points were 
determined as upper peak in the load-displacement curve where no upper yield point was observed. 
The yielding behavior was assessed in different temperatures -20, 0, 20 °C and strain rates (-3.01, -
2.01, -1.01, -0.31 as -log strain rate, with strain rate expressed as s-1) listed in table 2. 
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Table 2 Tensile test conditions 
Temperature 
(°C) 
XHD (mm/min) log10( ε° (s¯¹)) 
+20 
 
 
-20 
0.5 -3.01 
5 -2.01 
50 -1.01 
250 -0.31 
 
 
3.3 Differential Scanning Calorimetry (DSC): 
A PerkinElmer Differential Scanning Calorimeter DSC 8500 equipped with an IntraCooler III as 
refrigerating system was used. The instrument was calibrated in temperature by analysis of the 
melting temperature of high purity standards including indium, naphthalene, and cyclohexane, 
while the energy calibration was performed by analysis of the enthalpy of melting of indium [56]. 
Dry nitrogen was used as purge gas at a rate of 30 ml min-1. In order to minimize thermal 
degradation, a fresh sample was employed for each crystallization experiment. To obtain precise 
heat-capacity data from the heat-flow rate measurements, each scan was accompanied by an empty 
pan run and calibration with sapphire [75]. 
 
3.4 WAXD test: 
XRD patterns were collected using a PANalytical X’PertPro diffractometer equipped with a fast 
solid state X’Celerator detector and a Cu X-ray tube producing X-rays with a wavelength of 
0.15418 nm. As a sample holder we used an Anton Paar TTK-450 hot stage, which implies that all 
X-ray measurements were performed in reflection mode. The heat evolved during isothermal 
crystallization was measured by DSC, whereas the degree of crystallinity was evaluated at the end 
of the crystallization processes from the XRD profiles recorded at the respective crystallization 
temperatures. The X-ray crystallinity was calculated as the ratio of the areas of the crystalline peaks 
and the total area of the background-corrected diffraction profile. The area of crystalline peaks was 
obtained from the total area of the diffraction profile after subtracting the scattering intensity of the 
amorphous phase, with the latter estimated by the analysis of the X-ray pattern of a fully amorphous 
sample, obtained at 200 °C, before crystallization. 
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In order to compare the enthalpy of crystallization with the corresponding enthalpy of melting 
measured at the end of the crystallization step, the samples were immediately reheated at a rate of 
10 °C min-1 until complete melting, or quenched to 20 °C and reheated at 10 °C min-1 to a 
temperature higher than the melting temperature. 
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4. Results and Discussion 
 
4.1 Enthalpies and Crystal polymorphism; 
Figures 5(1-4) shows as red and blue curves the XRD scans of PLA based samples after 
crystallization at Tmold 85 °C and 130 °C, respectively. The pattern of the PLA based samples 
crystallized at 85 °C has been scaled in order to obtain the intensity of the (203)/(113) peak 
coincident with that of the sample crystallized at 130 °C. As evidenced in numerous independent 
studies, α’- and α-forms exclusively develop at 85 °C and at 130 °C, respectively [14–18,79-77]; 
the XRD patterns shown in figures 5(1-4) are in agreement with those reported in literature. The 
absence of the (103)/(004), (204) and (207)/(117) reflections at scattering angles 2ϴ of 12.5, 20.8 
and 27.4 Deg indicate the exclusive presence of α’-crystals in the sample crystallized at 85 °C 
[66,67]. On the contrary, besides the reflections listed above, (i) the occurrence of the (011), (211) 
and (016) peaks, barely visible for the α’-form, (ii) the shift of the intense (110)/(200) and 
(203)/(113) peaks, and (iii) the shift of the (206)/(116) reflection towards slightly higher scattering 
angles, prove that only α-crystals are developed at 130 °C [75, 76].  
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Figure 5(1-4). Instrumental-background corrected XRD patterns of PLA compositions isothermally crystallized at 85 °C 
(red curves) and 130 °C (blue curves). The red and blue dashed line represent the scattering of the amorphous fraction 
of the PLA 5%LAK sample crystallized at 85 °C and 130 °C, respectively.  
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The measured thermal properties obtained from the DSC curves shown in figures 6-9, are collected 
in table 3., together with the crystal fractions determined by XRD, Xc
(XRD).  Figures 6-9 show the 
apparent specific heat capacities curves of PLA compositions as a function of temperature, obtained 
after isothermal crystallization for  at 85 °C and 130 °C, upon heating at 10 °C min-1. 
The Cp,tot data depicted in Figs. 6-9 reveal that the crystallization process extends from around 125 
°C down to approximately 95 °C, with the peak centered at 110 °C (Tmold 85 °C) and 100 °C (Tmold 
130 °C). In average Tcc reduced about 10 °C at Tmold 130 °C which caused to promote 
crystallization. The glass transition, in all samples in both mold temperatures showed stable value at 
about 58 °C. The multiple melting behavior displayed by PLA containing α-crystals has been 
reported in the literature, and is assigned to a melting/recrystallization/re-melting mechanism [28, 
83].  The melting curve of PLLA compositions crystallized at 85 °C shows at conventional heating 
rate a more complex multiple melting behavior. With increasing temperature, a barely visible initial 
partial melting, an intense exothermic peak connected to reorganization of the disordered α’-crystals 
into the stable α-form, and a final large melting peak are obtained. The latter is associated to 
melting of the newly-formed α-crystals, as it was proven that the reorganization of the α’-crystals 
into the α-crystals at approximately 155 °C proceeds via a melting/recrystallization mechanism [29, 
30]. The measured enthalpy of melting of the PLA compositions crystallized at 85 °C, 
calculated by assuming a linear baseline from 85 °C to complete melting, is almost twice the 
absolute value of the  (see table 3.). This divergence is due to the difference between the 
melting and the crystallization temperatures of the α’-form, and by the temperature-dependence of 
the crystallization and melting enthalpies of the newly-formed α-crystals, according to eq. 21 and 
22 [22], as growth of the α-form occurs at temperatures lower than 160 °C, whereas melting takes 
place at temperatures higher than 160 °C (figures. 6-9). 
 
 
 
 
In conclusion, it worth to mention that a double melting peak was observed in the composition of 1, 
3, 5 %wt of LAK when Tmold was 85 °C while a single peak was observed for Tmold 130 °C. These 
data are in good agreement with XRD analysis and indicated that both crystal forms (α’ and α) 
formed in Tmold 85 °C while α is mainly formed at Tmold 130 °C. The Xc(XRD) results at both 
crystallization temperatures (85 and 130 °C) increased by increasing LAK content. The value Xc= 
17% of pure PLA (Tmold = 130 °C) in disagreement with the one observed from DSC, can be 
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attributed to the method of examination because in this specific case the tested material was 
sampled on the specimen surface for XRD, where the macromolecules are more oriented and for 
this reason the crystallinity is locally higher. In the DSC test the material is sampled keeping also 
the bulk, hence the observed value is more representative of the average crystallinity of the 
specimen. Very low crystallinity at Tmold 85 °C, even in the presence of nucleating agent, could be 
attributed to insufficient molding time (600sec) for this temperature. In literature [77] it is noticed 
that a time of 600 s is not sufficient for crystallizing significantly. Indeed, by comparing Xc
(DSC) 
with  Xc
(X-Ray) in Tmold 130 °C, it is evident that both data are following same trend: the crystallinity 
increases by increasing the nucleating agent content (1, 3, 5 %wt of LAK). Therefore, it is notable 
that the same fractions of values in Xc 
(XRD) and (DSC), has implication to homogeneous structure in 
specimens by additional nucleating agent in optimized molding temperature and molding time. 
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Figure 6. Apparent specific heat capacity of pure PLA as a function of temperature, obtained during heating at 10 °C 
min-1 after isothermal crystallization. 
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Figure 7. Apparent specific heat capacity of PLA 1%LAK as a function of temperature, obtained during heating at 10 
°C min-1 after isothermal crystallization 
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Figure 8. Apparent specific heat capacity of PLA 3%LAK as a function of temperature, obtained during heating at 10 
°C min-1 after isothermal crystallization 
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Figure 9. Apparent specific heat capacity of PLA 5%LAKas a function of temperature, obtained during heating at 10 °C 
min-1 after isothermal crystallization 
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Table 3. Thermal properties measured by DSC and Crystal properties measured by XRD at 85 and 130 °C, of PLA 
compositions. 
 
-∆Hc  
(J g-1) 
-Xcc 
(J g-1) 
∆Cp 
(J g-1) 
Tg 
(°C) 
Tcc 
(°C) 
∆Hm0  
(J g-1) 
∆Hm1 
(J g-1) 
∆Hm2 
(J g-1) 
∆Hm(total) 
(J g-1) 
Xfusion 
(J g-1) 
Xc (DSC) 
Wt.% 
Xc (XRD) 
Wt.% 
RAF 
(%) 
MAF 
(%) 
P
L
A
 8
5
 °
C
 
20.9 0.23 0.50 58.4 112 
107.2 (α’) 
134.0 (α) 24.2 8.2 32.4 0.23+0.06 0.06 0.06 9 85 
1
3
0
 °
C
 
21.5 0.25 0.48 58.6 105 
108.8 (α’) 
133.6 (α) 16.7 15.6 32.3 0.15+0.12 0.02 0.17 2 81 
P
L
A
  
 1
%
L
A
K
 
8
5
 °
C
 
24.24 0.27 0.505 58.2 109 
106.3 (α’) 
133.8 (α) 21.0 13.0 34.04 0.20+0.10 0.03 0.08 11 86 
1
3
0
 °
C
 
4.64 0.06 0.313 56.8 100 133.2 (α) - 32.22 32.22 0.24 0.18 0.14 18 53 
P
L
A
  
 3
%
L
A
K
 
8
5
 °
C
 
20.82 0.24 0.515 58.8 107 
106.7 (α’) 
132.4 (α) 19.0 13.0 31.95 0.18+0.10 0.04 0.10 9 87 
1
3
0
 °
C
 
2.68 0.03 0.268 58.2 100 133.2 (α) - 34.63 34.63 0.26 0.23 0.17 23 45 
P
L
A
  
 5
%
L
A
K
 
8
5
 °
C
 
23.26 0.26 0.526 58.3 106 
106.3 (α’) 
133.0 (α) 20.0 13.5 33.47 0.19+0.10 0.03 0.12 8 89 
1
3
0
 °
C
 
2.31 0.03 0.263 57.5 100 133.2 (α) - 35.26 35.26 0.26 0.23 0.20 23 41 
 
Referring to apparent specific heat capacity results as shown in table 3., ∆Cp did not exhibit 
considerable changes because of very low crystallinity values at crystallization temperature 85 °C. 
Therefore, RAF is almost stable. On the contrary, changes in specific heat capacity are observed in 
samples crystallized at 130 °C. This increase in RAF percentage can be correlated to the increase in 
LAK content, resulting in more nucleating sites and thus more interface phase. The higher the 
content of interface phase, the higher is the RAF formation and its content.  
 
4.2 Activation Processes 
The thermally activated rate process approach for yield is resumed in Eq.19. Temperature-
normalized yield stress (σy/T) against logarithmic strain rate (log ) sets a series of parallel, linear 
isotherms with a constant activation enthalpy (∆H) and a activation volume (V), where R is the gas 
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constant and is strain rate normalizing constant. From the slope and interception of such 
isotherms, ∆H and V can be calculated. 
Eyring’s equation describes the yield behavior with these two activation parameters, as long as one 
activated rate process is able to express the variation in yield stress over the strain rate and 
temperature range studied. As it is classically observed, the mechanical behavior of polymers at low 
temperatures is comparable to the behavior at high strain rates. An increase in temperature will have 
the same effect on the yield stress as a decrease in strain rate. 
These observations originate most likely from the well-known time/temperature superposition 
principle, which describes the equivalence of time (or frequency, herein assimilated as the strain 
rate) and temperature. For the yield stress of amorphous polymers, Bauwens-Crowet et al. [55] have 
established that the Eyring plots (i.e. curves representing the reduced yield stress σy/T versus the 
logarithm of the strain rate log ε° for various temperatures) can be shifted to create a master curve 
for a reference temperature Tref. To illustrate this, figure. 10 shows a schematic of the Eyring plots 
for the reference temperature Tref and for other temperatures. From figure. 10, we can see that the 
shifts with respect to the master curve are both horizontal and vertical. The expression of these 
shifts is given by: 
 
 
 
 
Figure 10. Illustration of the strain rate/temperature superposition principle of the Eyring plots for three different 
temperatures T1<T2<T3. The curves drawn for T1 and T3 can be superposed to the curve given for T2 
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Where log ε° is the horizontal shift and ∆ (σy/T) is the vertical shift. A fortiori, the strain rate ε° 
does not depend on the temperature. The form log ε° (T) is only used for referencing the 
temperature at which the Eyring plot is represented.  
 
4.3 Strain rate, Temperature and composition effects 
In figures 11-14 the Eyring plots of PLA including 0, 1, 3, 5 %wt of LAK tested at +20 and -20 °C 
for various strain rates ranging (0.5, 5, 50, 250 mm/min) obtained by testing specimens prepared by 
setting two different molding temperatures (85 and 130 °C) are reported. 
The first observation is that the yield stress increases by increasing strain rate especially at high 
strain rates. Many authors (Bauwens, 1972; Bauwens-Crowet, 1973; Rietsch and Bouette, 1990; 
Xiao et al., 1994; Chen et al., 1999; Brule´ et al.,2001; Rana et al., 2002; Richeton et al., 2005) 
believe that this increase of the yield stress is correlated to secondary molecular motions. An 
increasing strain rate will decrease the molecular mobility of the polymer chains by making the 
chains stiffer and especially disabling these secondary motions. 
It is worth to mention that at temperatures range up to 20 °C (below Tg), the Eyring plots give a set 
of parallel straight lines for each material tested, suggesting that a single deformation process 
dominates yielding. 
Regarding the effect of composition it may be noticed that the addition of LAK, in good agreement 
with previous results (Chapter 3) resulted in a slight decrease of y in all the examined cases. The 
difference between the pure PLA and the nucleated samples was more evident in the samples 
characterized by a high temperature (20°C) and a high rate. Interestingly the trend was different at -
20°C and for the samples prepared at 85°C. In this case the maximum y is obtained at 1% of LAK, 
slightly more resistant than pure PLA. The behavior at low temperature can be attributed to the 
lower content of crystalline phase in the sample prepared at 85°C. As in this sample a higher 
fraction of macromolecules is mobile, the effect of temperature is more evident. In fact the highest 
values of y are recorded in this condition. In this specific case, because of the low crystallinity of 
all these samples, the crystallinity difference between the sample without LAK and the sample with 
1% of LAK is quite reduced. On the other hand, when the moulding temperature was 130°C the 
difference between pure PLA and PLA with LAK are more evident. 
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Figure 11. Plot of yield stress/temperature versus strain rate for PLA compositions at various take-up velocities 
(mm/min) measures at T molding: 85 °C and T test: 20 °C. Eyring’s regression lines for each sample are also shown. 
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Figure 12. Plot of yield stress/temperature versus strain rate for PLA compositions at various take-up velocities 
(mm/min) measures at T molding: 85 °C and T test: -20 °C. Eyring’s regression lines for each sample are also shown. 
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Figure 13. Plot of yield stress/temperature versus strain rate for PLA compositions at various take-up velocities 
(mm/min) measures at T molding: 130 °C and T test : +20 °C. Eyring’s regression lines for each sample are also shown.  
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Figure 14. Plot of yield stress/temperature versus strain rate for PLA compositions at various take-up velocities 
(mm/min) measures at T molding: 130 °C and T test: -20 °C. Eyring’s regression lines for each sample are also shown. 
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4.4 Changes in Activation Volume and Activation Enthalpy 
From the slope of the curves (figures 11-14), the activation volume can be derived.  In table 4 and 5 
the activation volume values resulting from eq.20 are reported: 
 
Table 4. The activation volume results by Eyring’s model in Ttest : -20 °C in comparing with crystallinity by DSC 
T test = -20°C 
Activation Volume 
(nm3) (Tmold: 85 °C) 
Activation Volume 
(nm3) (Tmold: 130 °C) 
Xc(DSC)(wt.%) 
(Tmold: 85 °C) 
Xc(DSC)(wt.%) 
(Tmold: 130°C) 
PLA  11.60 9.24 6 2 
PLA1%LAK 13.20 11.60 3 18 
PLA3%LAK 12.04 18.49 4 23 
PLA5%LAK 12.79 16.47 3 23 
 
 
Table 5. The activation volume results by Eyring’s model in Ttest : +20 °C in comparing with crystallinity by DSC 
T test = +20°C 
Activation Volume 
 (nm3) (Tmold: 85 °C) 
Activation Volume 
 (nm3) (Tmold: 130 °C) 
Xc(DSC)(wt.%) 
(Tmold:85°C) 
Xc(DSC)(wt.%) 
(Tmold:130°C) 
PLA  8.15 9.36 6 2 
PLA1%LAK 11.42 12.77 3 18 
PLA3%LAK 12.5 13.79 4 23 
PLA5%LAK 14.32 16.35 3 23 
 
 
According to the results presented in table 4 and 5, the activation volume increases as a function of 
LAK content mainly because, as also shown by thermal analysis results, the crystallinity increases. 
In the samples with higher crystallinity the amount of RAF is higher and this leads to a higher 
activation volume as in the samples produced at 130°C which are less amorphous. This is 
effectively confirmed by the obtained values, although the difference is not much evident. Figures 
15 and 16, showed the effect of crystallinity (LAK content) on RAF, MAF and Activation volumes. 
It evidenced that the parameters were influenced by the crystallinity content. Whether, without 
change in crystallinity all the investigated parameters are stable (figure. 15).  
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Figure 15. Effect of LAK content on RAF, MAF and Activation Volumes in Tmold: 85 °C 
 
Indeed, the increase in crystallinity caused the drop down of MAF (figure. 16) as expected, 
dramatically. The RAF and activation volumes increase in the same trend like crystallinity. The 
activation volume increases as a function of the resistance of the amorphous phase, consisting in 
both MAF and RAF. As the ration RAF/MAF increases the activation volume also increases. 
 
 
Figure 16. Effect of LAK content on RAF, MAF and Activation Volumes in Tmold: 130  °C 
 
For the determination of the activation enthalpy, the experimental data have first to be elaborated to 
obtain lines in an Eyring plot at chosen temperatures (+20 and -20 °C). Once the line is built, the 
parameters of ∆H could be estimated through eq.18. The table 6., shows the activation enthalpies. 
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Table 6. The activation enthalpy results by Eyring’s model in both molding temperatures (85 and 130 °C) 
 Activation Enthalpy KJ mol-1 
(Tmold: 85 °C) 
Activation Enthalpy KJ mol-1 
(Tmold: 130 °C)  
PLA  9.70 9.00 
PLA1%LAK 11.13 10.04 
PLA3%LAK 11.01 10.42 
PLA5%LAK 11.07 10.76 
 
Generally, the activation enthalpy has a direct correlation with crystallinity content. So, it was 
expected a higher value of Activation enthalpy at crystallization temperature 130 °C respect to 85 
°C. But, the general view is following the quantitative aspect of two phases model, without keeping 
into account each phase. So, it is necessary to consider a three phases system, at least on a 
qualitative point of view. In this term, the slight decreased activation enthalpy at crystallization 
temperature 130 °C, can be tentatively explained by considering two aspects.  
First, the rigid amorphous fraction (RAF) developed by LAK content (figure. 17) and then provided 
an intermediate phase affecting activation enthalpy. 
 
 
  
Figure 17.  Effect of LAK content on percentages of RAF, MAF in Tmold: 130 °C 
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Secondly, we must remind that the yielding is consequence of the yield stress of the amorphous 
phase. The modulus and yielding stress calculated in chapter 4, indicated that the amorphous part, 
presented a higher modulus and yield stress than the crystalline phase. Therefore, in good 
agreement with our supposed model in chapter 4, it could be reasonable to achieve a higher 
activation enthalpy at 85 °C, when the system is mainly amorphous, comparing to 130 °C. 
Finally, these ∆H values show that yield occurs by the mechanism involving molecular segments, 
as these values are still higher than the energy required for the simple gauche-trans transformation 
(2.5 kJ/mol for the case ɳ-butane) and much lower than the energy needed to break covalent bonds 
(292-502 kJ/mol for C-C or C-O bonds) [78]. The values of both activation volume and activation 
energy are similar in samples molded at 85°C and 130°C. As in the thermal characterization it was 
shown that at 130°C the kind of developed crystallinity is mainly α whereas at 85°C it is mainly α’, 
it can be concluded that the type of crystalline phase developed is not much affecting the 
mechanism of yielding.  
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5. Conclusions 
 
In the present work, α’- and α-crystals of PLLA were grown isothermally at Tmold = 85 °C and 130 
°C, respectively. By comparing the enthalpies of crystallization obtained by DSC and the crystal 
fractions by XRD, and taking into account the temperature evolution of the solid and liquid specific 
heat capacities of PLLA, available in the literature, it was evident that the treatment at the lower 
molding temperature was not sufficient for allowing PLA crystallization and a mixture of  and ’ 
crystalline form were developed with the latter being the main component. At the higher molding 
temperature a higher crystallinity was developed and crystalline form is mainly . The results are 
confirmed by XRD analysis.  
The different values of ∆Hc° ∆Hm° for the α’- and α-crystals should be taken into account for the 
determination of the crystalline content from experimental crystallization and melting enthalpies. 
The Eyring’s model of yielding successfully described the changes in yield stress with strain rate 
and temperature. With increasing crystallinity of PLA compositions, the activation enthalpy of 
Eyring’s model increased respect to pure PLA but resulted almost stable, while the activation 
volume increased with LAK content.  
The samples obtained at 85°C and 130°C showed similar values of activation volume and activation 
enthalpy. As the yielding involves mainly the amorphous part of the samples we have to consider 
that the yield stress of the amorphous part resulted quite high in binary systems consisting in PLA 
and LAK (Chapter 4, table 4). On the basis of this evidence it should be predicted that the yield 
parameters would decrease by increasing the crystallinity, as this fraction only takes part to the 
yielding process at later stages. On the contrary the activation values increased with crystallinity 
and this result can only be explained by considering that there is an effect on stress at yield of the 
ratio between RAF and MAF. Hence the development of very high crystalline surface, and thus 
RAF, is fundamental for obtaining an increase in yielding properties by crystallization. 
Moreover, we cannot exclude that also the crystalline form can play a role on the yield mechanism, 
by influencing also the RAF properties. For making this kind of correlation two systems with a 
similar content of crystallinity, one α and one α’ should have been compared. This observation can 
give rise to further research in this field. 
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In the bio-based polymer products, the degree of crystallinity has profound effects on the structural, 
thermal, barrier and mechanical properties. 
PLA products, under practical processing conditions as it is well known are in an amorphous form 
and show low crystallinity because of the intrinsic slow crystallization rate, which limits wider 
applications in sectors, such as automotive and packaging fields. In processes, such as injection 
molding, because of the high cooling speed, it is much more difficult to develop significant 
crystallinity, and thus, processing modifications leading to increased injection cycles are necessary. 
Alternatively, nucleating agents can be added to PLA for the promotion of crystallinity via 
traditional processing, such as injection molding, thus better controlling both thermal history and 
cycle time.  
In this direction, the effects of both OLA8 as plasticizer and LAK301 & PDLA as nucleating agents 
on the mentioned properties of PLA were investigated by applying the Design of Experiments 
(DoE) approach. The Design of Experiments (DoE) covers an extremely interesting role allowing 
the obtainment of the maximum information performing a minimum set of experiments. In this 
perspective, DoE represents a very important tool complementary to the traditional approaches 
(based on one factor variation at a time) in order to improve the performances of the process 
correlated both to the material design and to its synthesis. The application of a Mixture Design 
approach allowed investigating the influence of plasticization and nucleation onto thermal behavior 
and mechanical properties of PLA based materials in a systematic way, by clearly identifying 
composition regions where the crystallization rate is maximized and where it can be observed a 
synergistic effect between plasticizer and nucleation agents, attributed to the optimization of 
balance between formation of nuclei rate and spherulitic growth rate. LAK resulted efficient as 
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nucleating agent since the half time of crystallization of PLA in the blends with LAK and PDLA 
was significantly reduced. However the mechanical properties were found to be mainly dependent 
on the amorphous phase of the PLA based compounds as the crystallinity content developed was 
low, in the range 0.3-7.3% in the experimented conditions. Hence E, σb and σy were found to 
slightly increase with LAK content and decrease with increasing OLA8 concentration. The former 
trend was attributed to specific interaction between LAK and PLA macromolecules improving 
crystallinity and the latter can be attributed to reduction of amorphous phase stiffness thanks to 
plasticization.  
The objectives in the third chapter, are focused on tailoring the mechanical and thermal properties 
in the presence of a new plasticizer (206 3NL). The results confirmed that 206 3NL acted as 
effective plasticizer whether the good compatibility between LAK301 and 206 3NL caused a 
synergistic effect in both thermal and mechanical properties. The integration of the mechanical and 
DSC results allowed hypothesizing that the presence of the α’ crystalline forms in PLA was a 
detrimental factor in mechanical properties. On the whole the methods of extrusion and injection 
moulding were investigated in the present chapter. Thanks to this investigation, a composition range 
where a good compromise between the necessity of a processing compatible with traditional 
industrial procedures and mechanical properties improvement in terms of impact properties for the 
composites obtained for the systems where PLA is plasticized and also nucleated with 1-3 wt% 
LAK was evidenced. 
 
Then, in chapter 4, addressed to a model for the prediction of both tensile modulus and yield stress 
of plasticized poly(lactic acid) (PLA) containing nucleating agents on the basis of Takayanagi’s 
model, a linear regression analysis of results about tensile tests was carried out. In the binary system 
consisting in PLA and LAK the stress at yield of the amorphous part were 56.4 MPa and whereas 
the yield stress of the crystalline part, consisting of both  and a’ crystals, were 27.2 MPa. On the 
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other hand, in the ternary system consisting of PLA, LAK and plasticizer the yield stress of the 
amorphous part was much reduced (4.0 MPa)  and the yield stress of the crystalline phase, mainly 
, was higher (69.6 MPa) than in the not plasticized system. Hence it was possible to understand 
that there is a correlation between the crystalline form and the resistance of the crystalline phases. 
However, by considering the data on the whole, the results showed good agreement between the 
model predicted data and experimental measurements for the systems with low crystallinity or when 
the rigid amorphous fraction (RAF) and mobile amorphous fraction (MAF) have substantially 
similar properties. It was found that two phase model like Takayanagi, is however not adequate to 
model the mechanical properties of semicrystalline polymers without considering RAF and MAF 
phases. 
In order to determine the role of the amorphous part (RAF & MAF), and also the effect of  and ' 
crystalline forms, in chapter 5 two types of samples based on PLA and LAK (without plasticizer) 
were grown isothermally at Tmold = 85 °C and 130 °C in order to favour the preferential growth of 
’ ad  crystal respectively. 
 
First, it was evident that the treatment at the lower molding temperature was not sufficient for 
allowing PLA crystallization and a mixture of α and α’ crystalline form was developed with the 
latter being the main component. At the higher molding temperature, a higher crystallinity was 
developed and crystalline form is mainly α. 
Secondly, the Eyring’s model of yielding successfully described the changes in yield stress with 
strain rate and temperature. With increasing crystallinity of PLA compositions, the activation 
enthalpy of Eyring’s model increased with respect to pure PLA. Moreover, the activation volume 
increased with LAK content. In particular, as the ratio RAF/MAF increases the activation volume 
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also increases. On the whole the work demonstrated that a similar resistance can be achieved below 
the glass transition in a system mainly amorphous or in a system with high crystallinity in the  
form, thus showing again (as in chapter 4) that these conditions represent the best ones for 
optimizing PLA properties. 
 
This thesis work represents an insight on the complexity of mechanical behavior of PLA based 
materials. In order to obtain a modulation of mechanical properties it is necessary to keep into 
account the effect of processing parameters on the amount and kind of different phases. The change 
in compositions, in terms of nucleating agents and plasticizer much influence the development of 
these different phases thus contributing to properties modulation. 
The technological exploitation of this study can occur by correctly selecting additives for PLA 
based materials and also modifying mould temperature and holding time in injection moulding to 
benefit of the improved crystallization rate in the composition range where a synergy between 
plasticization and nucleation was found.  
The work opened new research perspectives for future study about the correlation between crystal 
polymorphism and yielding kinetics in semicrystalline polymers. 
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